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Continental margin depositional systems are of great importance to science and society in that their deposits 
are an important record of earth history and host valuable natural resources. Submarine fans form the largest 
sedimentary accumulations within continental margins and are comprised of the deposits from several distinct 
depositional environments, including canyons, channels, levees, and lobes. Understating how sedimentary processes 
affect the stratigraphy and sedimentary properties of these deposits is critical to properly interpret them for use in 
deciphering global events of the past and explore for the natural resources they contain. This thesis contributes to that 
understanding through quantitative analysis and modeling of sediment transport and accumulations related to 
submarine fans through: 1) documenting and interpreting the geomorphic relationships between longitudinal profiles 
of canyon-channel systems and surrounding continental margins in tectonically active and passive settings; 2) 
demonstrating how turbidity current properties and channel kinematics affect the depositional properties of levees; 
and 3) documenting scaling relationships between related channel and lobe-shaped deposits. Each of these 
contributions can be applied to improve the interpretation and prediction of sedimentary properties of modern and 
ancient continental margins.  
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1.1 Motivation and Background Information 
The focus of clastic sedimentary geology has shifted through time from a primarily qualitative, descriptive 
science toward an emphasis on quantitative data and process-based interpretations targeted toward deciphering the 
mechanics of how geomorphic processes interact with and sculpt topography and sedimentary deposits. This shift 
resulted in significant scientific advances including enabling statistical prediction of sedimentary environments and 
properties in areas with sparse data as well as the prediction of characteristics of their formative processes. 
Collectively, these advances have applications in improving depositional models, natural resource exploration, 
interpretation of the events that shaped sedimentary deposition both recently and throughout geologic time, and 
prediction of the magnitude and recurrence of sedimentary processes in the future. Continuing this tradition, each of 
the studies included in this thesis use quantitative data to test and expand upon previously proposed sedimentary 
models and theories related to several submarine depositional environments associated with turbidity currents, 
including submarine canyons, channels, levees, and lobes. 
This thesis investigates sedimentary environments that are influenced by sedimentary processes representing 
the continuum of submarine mass movements to gravity flows (i.e., slides, slumps, debris flows, and turbidity currents) 
(Middleton and Hampton, 1973), but focuses primarily on how turbidity currents influence sedimentology and 
stratigraphy of these environments. Turbidity currents are sediment gravity flows the move downslope as a turbid and 
turbulent flow in marine environments due to excess density produced by their suspended sediment (Kuenen, 1957), 
and deposits formed by these flow events are called turbidites (Kuenen, 1957; Mutti et al., 2009). Turbidites are 
typically normally graded and have a characteristic vertical progression of sedimentary structures (Bouma, 1962; 
Lowe, 1982). The investigation of modern and ancient turbidite deposits led to the development of submarine fan 
models (Normark, 1970; Mutti and Lucchi, 1972), which establish the relationships between submarine canyon-
channel systems and lobes. Canyon-channel systems are the primary conduits distributing sediment across submarine 
fans, and are comprised of V-shaped canyons that erode into the continental shelf and upper slope (Kuenen, 1953; 
Harris and Whiteway, 2011) and U-shaped channels with levee-overbank deposits that accumulate sediment on the 
lower slope and rise (Walker and Mutti, 1973; Clark and Pickering, 1996). Sediment transported beyond the channel 
termination are deposited as unconfined flows and accumulate as lobe or sheet deposits (Piper and Normark, 1983; 
Deptuck and Sylvester, 2018). The combination of a relatively fixed canyon locations, episodic channel avulsions, 
and compensational stacking of lobe deposits commonly produced a cone- or fan-shaped deposits when viewed from 
above, and due to the ubiquity if this morphology, the terms ‘submarine fan’ and ‘turbidite system’ are often used 
synonymously (Bouma et al., 1985).  
Submarine fans (and other turbidite systems) are sediment accumulations deposited at or near the termination 
of sediment-routing systems spanning terrestrial to deep-marine environments (Menard, 1955; Sømme et al., 2009). 
Sediment-routing systems include sediment source areas dominated by denudation, a sediment transfer zone 
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dominated by sedimentary bypass, and a terminal region of sediment accumulation (Schumm, 1977; Allen, 2017; 
Caracciolo, 2020). The canyon-channel systems associated with submarine fans serve as the final leg of the sediment 
transfer zone for sediment-routing systems actively sourcing terminal submarine fan deposits. Because submarine fans 
serve as the sedimentary sinks for both marine and continental sourced sediment over long time scales, their deposits 
contain a wealth of proxy information related to the history of climate and evolution of oceans and up-dip depositional 
sedimentary systems (Clift et al., 2002; Covault et al., 2010; Romans et al., 2016). Environmental signals (c.f., Romans 
et al., 2016), which can provide insight into changes in climate, sea level, and tectonic movements, are prone to being 
obscured (or ‘shredded’) through interaction with autogenic processes of sedimentary environments (Jerolmack and 
Paola, 2010). Accordingly, an in-depth understanding the interactions of sedimentary processes and submarine fan 
depositional environments is key to deciphering environmental signals recorded within canyon, channel, levee, and 
lobe deposits. 
In addition to containing valuable evidence of the events of earth history, submarine fan deposits are 
important subsurface reservoirs for natural resources, such as water and hydrocarbons. Advancements in predicative 
modeling of sedimentary architectures of submarine fan environments continues to aide and advance the exploration 
and extraction of these resources.  
 
1.2 Thesis Organization and Overview 
The thesis is divided into three independent studies focused on the central theme of understanding the 
linkages between sedimentary processes, morphology, and stratigraphy on continental margins. The following 
summaries highlight the motivation, aims, and contributions each study has made to the field of clastic sedimentology: 
Chapter 2 focuses on the morphologies of continental margins and submarine canyon-channel systems 
(therein referred to as channels). Continental margins and associated channels are impacted by the same external 
forces, but differences in the style, recurrence, and magnitude of sedimentary processes between them should produce 
differences between their longitudinal profiles. Conventional models of continental margins and submarine fans 
propose differences between the morphologies and stratigraphy on active versus passive margins primarily due to the 
impacts of tectonic movements (Shanmugam and Moiola, 1991; Harris and Whiteway, 2011). This study 
quantitatively investigates the morphologic relationships between continental margins and channels using bathometric 
data from 50 locations evenly split between tectonically active and passive margins. Factor analysis (an unsupervised 
machine learning technique) of depth-gradient profiles extracted for the longitudinal profiles was used to identify 
categories within the spectrum of morphologies for both continental margins and channels. A smoothness metric was 
developed as a proxy for geomorphic maturity of the longitudinal profiles using the relative magnitudes of their 
maximum gradient and maximum distance. Analysis of these data demonstrate that while there is significant overlap 
in the documented geomorphic properties from tectonically active and passive locations: 1) active continental margins 
tend to have steeper gradients and lower smoothness values than passive margins, 2) channels in tectonically active 
and passive systems have a similar range of smoothness values, but 3) the difference in smoothness values between 
related continental margins and channel (the smoothness Δ) tends to be greater on tectonically active versus passive 
locations. Based on these observations, endmember models of coupled and decoupled coevolution of continental 
3 
 
margins and channels are proposed. In the coupled coevolution model, the smoothness of both continental margins 
and channels increase though time at similar rates, the magnitude of the continental margins smoothness lags slightly 
behind that of the channel, and the smoothness Δ remains relatively constant after the channel is established. In the 
decoupled coevolution model, the smoothness of the continental margin remains relatively constant though time, while 
the channel smoothness increases at a much greater rate, and the smoothness Δ increases though time. The former is 
considered more applicable in tectonically passive locations and the smoothness Δ is caused by differences in continual 
margin and channel sedimentary processes, while the latter is more applicable to tectonically active settings where 
tectonic deformation magnifies the differences in impacts of continual margin and channel sedimentary processes. 
The documentation, interpretations, and models proposed in this study contribute to the understanding of continental 
margin and channel morphology and stratigraphy, and ability to predict their properties along active and passive 
margins. 
Chapter 3 investigates the development of submarine levees. Through integration of field data from 
submarine channel-levee systems and results from numerical modeling of sediment transport and deposition by 
turbidity currents, this work provides tools to help decipher the sedimentary complexities found in submarine levees. 
The advection-settling model presented in this study is capable of reproducing the two-dimensional sedimentary 
characteristics (vertical and lateral fining and thinning of event beds) and wedge-shaped morphology considered 
typical of submarine levees. A reference (i.e., base-case) model run was compared to subsequent model runs in which 
input parameters were systematically changed: 1) flow properties (velocity, thickness, sediment sizes, concentration, 
duration, recurrence) were changed, 2) antecedent topography adjacent to the channel, 3) channel kinematics 
(aggradation, incision, lateral migration), 4) antecedent topography adjacent to channels, and 5) flow properties that 
change between time steps (i.e., individual turbidity currents). The lessons learned from these basic model runs were 
applied to tune the model inputs to match published and new data collected for this study documenting sedimentary 
properties and morphologies of eight submarine levee deposits found on the modern sea floor (Petit-Rhone, 
Mississippi, Amazon, and Niger Y-channel levees) or outcrop (Juniper Ridge Conglomerate, Isaac Fm. channel 3, and 
Rosario Fm. internal and external levees). The model can be used to predicted flow properties and channel dimensions, 
enabling better understanding of these important sedimentary archives. The results of this work can be applied to 
improve the interpretation and prediction of the sedimentary properties of submarine levee deposits, particularly from 
data-sparse settings like partial outcrop exposures or subsurface boreholes.  
Chapter 4 investigates scaling relationships between depositional environments within submarine fan 
systems and their relationship to associated terrestrial catchments. Scaling relationships are useful tools in predicting 
sedimentary volumes and distribution of sedimentary properties in the subsurface where data is often limited, and 
provide insight into the architectural development of these systems. Scaling relationships were investigated between 
genetically related channels and lobe-shaped bodies (LBs) deposited beyond the channel terminus, as well as how 
they relate to associated terrestrial catchments. Compiled dimensional data from depositional systems that cover a 
range of sediment supply characteristics, tectonic settings, and geographic locations enabled investigation into global 
trends in depositional morphology. LBs have a consistent, scale-independent length-to-width ratio of ∼2:1. The 
thickness-to-area ratios for LBs show multiple morphologic trends, likely driven by topographic confinement, with 
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LBs getting proportionally thicker in relation to increasing confinement. Morphometric analysis of genetically related 
channel dimensions (width, relief, cross-section area) and LB dimensions (length, width, thickness, area, volume) 
reveals robust scaling relationships; most notably, channel width and cross-sectional area can be used to predict the 
volume and depositional area of related LBs. This demonstrates that LBs proportionally scale to their concomitant 
channels and to the volume of sediment supplied prior to an avulsion. The dimensions of submarine fans scale to 
associated terrestrial catchments, but the building blocks of submarine fans (i.e., channels and LBs) do not, which 
suggests that there is a down-system decoupling (or lack of scaling) at LB deposition time scales. The documented 
morphometric trends and scaling relationships can be applied as input parameters for source-to-sink and reservoir 
models to improve predictions of stratigraphic architecture, sediment partitioning, and sediment/carbon flux in modern 
and ancient submarine fan systems. 
The general conclusions in Chapter 5 provide additional context for how the work in this thesis contribute to 
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HOW SUBMARINE CHANNELS (RE)SHAPE CONTINENTAL MARGINS 
 
Modified from a paper accepted by Journal of Sedimentary Geology 
Luke A. Pettinga1 and Zane R. Jobe1 
 
2.1 Abstract 
Submarine landscapes, like their terrestrial counterparts, are sculpted by autogenic sedimentary processes 
toward morphologies at equilibrium with their allogenic controls. While submarine channels and nearby, inter-channel 
continental-margin areas share boundary conditions (e.g., terrestrial sediment supply, tectonic deformation), there are 
significant differences between the style, recurrence, and magnitude of their respective autogenic sedimentary 
processes. We predict that these process-based differences affect the rates of geomorphic change and equilibrium (i.e., 
graded) morphologies of submarine-channel and continental-margin longitudinal profiles. To gain insight into this 
proposed relationship, we document, classify (using machine learning), and analyze longitudinal profiles from 50 
siliciclastic continental margins and associated submarine channels which represent a range of sediment supply 
regimes and tectonic settings. These profiles tend to evolve toward smooth, lower-gradient longitudinal profiles, and 
we created a “smoothness” metric as a proxy for the relative maturity of these profiles toward the idealized equilibrium 
profile.  
Generally, higher smoothness values occur in systems with larger sediment supply, and the smoothness of 
channels typically exceed that of the associated continental margin. We propose that the high rates of erosion, bypass, 
and deposition via sediment gravity flows act to smooth and mature channel profiles more rapidly than the surrounding 
continental margin, which is dominated by less-energetic diffusive sedimentary processes. Additionally, tectonic 
deformation will act to reduce the smoothness of these longitudinal profiles. Importantly, the relationship between 
total sediment supply and the difference between smoothness values of associated continental margins and submarine 
channels (the “smoothness Δ”) follows separate trends in passive and active tectonic settings, which we attribute to 
the variability in relative rates of smoothness development between channelized and inter-channel environments in 
the presence or absence of tectonic deformation. We propose two endmember pathways by which continental margins 
and submarine channels coevolve towards their respective equilibrium profiles with increased sediment supply: (1) 
Coupled Evolution Model (common in passive tectonic settings), in which the smoothness Δ increases only slightly 
before remaining static, and (2) Decoupled Evolution Model (common in active tectonic settings), in which the 
smoothness Δ increases more rapidly and to a greater final value. Our analysis indicates that the interaction of the 
allogenic factors of sediment supply and tectonic deformation with the autogenic sedimentary processes characteristic 
of channelized and inter-channel areas of the continental margin may account for much of the variability between 
coevolution pathways and depositional architectures. 
_____________________________________________________________________________________________  
1Department of Geology and Geological Engineering, Colorado School of Mines, Golden, Colorado 80401, USA 





Over long timescales, autogenic sedimentary processes sculpt both terrestrial and submarine landscapes 
toward morphologies that are at equilibrium with their allogenic controls (e.g., Gilbert, 1877; Carter, 1988). Research 
into long-term (> 1 million years) landscape evolution has greatly advanced since the mid-20th century, when cyclic 
models (e.g., Davis, 1902) were replaced by quantitative, process-based approaches (e.g., Strahler, 1952), which were 
expanded to consider the interplay of climate, tectonics, isostasy, and surface processes (Renwick, 1992; Bishop, 
2007). Linkages between allogenic forcing, autogenic processes, and equilibrium (“graded”; cf. Davis, 1902; Langbein 
and Leopold, 1964; Morisawa, 1988) profiles in submarine landscapes have focused separately on continental margins 
(e.g., O’Grady et al., 2000; Ross et al., 1994, 1995; Mosher et al., 2017; Patruno and Helland-Hansen, 2018) and 
submarine channel systems (e.g., Kuenen, 1953; Pirmez et al., 2000; Kneller, 2003; Covault et al., 2011; Jobe., et al., 
2011; Shumaker et al., 2018). However, there has been limited quantitative investigation into the relationships between 
coevolving continental margin and submarine channels (e.g., Gerber et al., 2009).  
To investigate the coevolution of siliciclastic continental margins and submarine channels, we address two 
hypotheses: First, that long-term sediment supply is a primary driver of sedimentary processes, and its magnitude 
directly relates to the progression of continental margins and submarine channels toward their respective equilibrium 
profiles. Second, the geomorphic manifestations of the differences in allogenic sedimentary processes, between 
continental margins and channels can be amplified when exposed to continued tectonic deformation. 
This study documents the variability in and relationships between longitudinal profiles of siliciclastic 
continental margins and related submarine channels – which share boundary conditions of terrestrial sediment supply 
and tectonic deformation, but experience differences in the style, magnitude, and recurrence of autogenic sedimentary 
processes. 
 
2.2.1 Continental Margins and Submarine Channels 
The diverse morphologies of continental margins are primarily attributed to allogenic forcing due to tectonics 
and sediment supply characteristics through their impacts on gradient, sediment caliber, stability, and accordingly, 
sedimentary processes (Dailly, 1983; Reading and Richards, 1994; O’Grady et al., 2000; Prather et al., 2017). 
Sediment distribution across continental margins is primarily driven by diffusive processes, but numerous sedimentary 
processes are responsible for sculpting continental-margin morphologies, including: pelagic sedimentation, mass 
failures, geostrophic currents, and sediment gravity flows (Laughton and Roberts, 1978; Stow, 1985; Talling et al., 
2012). These processes typically drive continental margins toward sigmoidal, equilibrium morphologies (i.e., 
clinoforms) (Rich, 1951; Steel and Olsen, 2002; Patruno and Helland-Hansen, 2018). While basic physiographic 
profiles of continental margins consist of continental shelf, slope, and rise segments (Heezen et al., 1959; Patruno and 
Helland-Hansen, 2018), the morphologic characteristics of these segments are highly variable. Continental margins 
are commonly classified based on either morphology (e.g., Hedberg, 1970; Ross et al., 1994; Pyles et al., 2011; 
Brothers et al., 2013; Prather, et al., 2017; Mosher, et al., 2017), or tectonic and sedimentary boundary conditions 
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(e.g., Emery, 1980; Barnes and Normark, 1985; Shanmugam and Moiola, 1991; Reading and Richards, 1994; Harris 
and Whiteway, 2011).  
Submarine channels, including both erosive and constructive reaches, are common and prominent 
geomorphic features on continental margins (Pirmez and Imran, 2003; Flood and Damuth, 1987). Similar to 
continental margins, tectonic and sedimentary characteristics are considered the primary allogenic forces affecting 
submarine channel morphology (Normark, 1985; Mutti and Normark, 1987; Covault et al., 2011, 2012). However, 
autogenic characteristics of channels distinguish them as unique among continental margin environments. Principally, 
the style, magnitude, and frequency of sedimentary processes associated with channel environments make them the 
primary conduit though which clastic material is transported into ocean basins (Shepard, 1936; Sømme, et al., 2009; 
Talling et al., 2015; Kane and Clare, 2019). Sediment gravity flows are the dominant process by which clastic material 
is transported through these channels (e.g., Pirmez and Imran, 2003), and the associated patterns of erosion and 
deposition promote the development of smooth, concave-upward longitudinal profiles (Gerber et al., 2009; Covault et 
al., 2011) and increasing channel sinuosity (Peakall et al., 2000). Sinuosity development has been widely documented 
in submarine channels, with the greatest sinuosity development typically occurring as a channel reach approaches its 
equilibrium profile (Clark et al., 1992; Peakall et al., 2000, Janocko et al., 2013). 
Due to contrasting autogenic (i.e., geomorphic) processes of channel and inter-channel regions of continental 
margins, models predict unique equilibrium longitudinal-profile shapes for continental margins and submarine 
channels with shared allogenic forcing, and that the relationships between these paired profiles and the rates at which 
they develop towards equilibrium will vary depending the combination of allogenic forces (Gerber et al., 2009).  
Our multifaceted approach investigates relationships between the morphology of continental margins and 
submarine channels across a range of tectonic settings and with variable sediment supply. We use a tectonic-
environment-based classification that separates tectonically passive settings (with subdivisions of prograding, 
truncated, and diapiric margins) and tectonically active settings (with subdivisions of divergent, convergent, and 
transform margins) (Emery, 1980; Dailly, 1983; Ross et al., 1994). Sediment supply regimes for each location are 
characterized based on estimated terrestrial sediment supply. Our morphology-based classification uses quantitative 
analysis (machine learning) of longitudinal profiles of continental margins and channels to document the spectrum of 
their morphologies. The interpretation of these morphologies relies on the geomorphic concept of equilibrium (or 
“graded”) profiles (cf. Davis, 1902; Morisawa, 1988, Pyles et al., 2011), where equilibrium profiles will maintain their 
basic shape while the profile location either remains static or progrades basinward though time, whereas non-
equilibrium (or “out-of-grade”) profiles have oversteepend gradients and the profile morphology changes though time 
due to erosion, bypass, and depositions. The inclusion of systems representing a wide range of tectonic settings, 
sediment supply characteristics, as well as continental-margin and channel morphologies allows us to investigate the 
relationships between these properties. 
 
2.2.2 Project Objectives 
This study uses longitudinal profiles, depth–gradient plots, and sinuosity data from modern continental 
margins and submarine channels to: (1) document and classify the morphology of continental-margin and submarine-
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channel pairs using machine learning; (2) document variability between various tectonic settings and sediment supply 
regimes, and investigate how the morphology of these systems evolve; and (3) produce simplified models to explain 
the variability in the coevolution of continental margin and channel systems, and explore their implications for 
sediment distribution and stratigraphic architecture. 
 
2.3 Methods 
We selected 50 submarine channels from around the world (Fig. 2.1A), which include a range of tectonic 
settings, sediment supply regimes and represent a wide range of submarine-channel development. Our dataset includes 
25 tectonically active margin systems and 25 passive-margin systems (Fig. 2.1A, Table 2.1). The systems included a 
large range of associated terrestrial drainage areas, used as an indicator of total sediment supply (Table 2.1). To ensure 
that our study covered various stages of channel development, we included channels with a range of: (1) profile 
distances, the streamwise measurement from the canyon head to the channel termination; (2) profile reliefs, the depth 
change from sea level to the channel termination; (3) maximum gradients, the highest gradient value from their depth–
gradient profiles (Table 2.1). 
 
2.3.1 Continental-Margin Data 
Morphologic characterization of the continental margin surrounding each submarine channel utilized 
bathymetric grids extracted from the 1 arc-minute (~ 1.8 km at the equator and ~ 0.9 km at 60 degrees latitude) 
ETOPO-1 global relief model dataset (Amante and Eakins, 2009). We defined a rectangular area centered over the 
channel that extends 200 km parallel to the coastline and a distance perpendicular to the coastline such that the entire 
length of the channel is covered (Fig. 2.1B). Continental-margin gradients were calculated by finding the maximum 
rate of change between each grid cell and its eight nearest neighbors and tabulated as a function of water depth from 
sea level to the deepest measurement of the associated channel. 
Continental margins are divided into six classes (Fig. 2.2, Table 2.1) based on their tectonic and stratigraphic 
characteristics (after Emery, 1980): 
Tectonically Passive Margins: 
1.  Prograding margins – these systems have received sufficient sediment supply to prograde the margin into the basin 
and are not experiencing significant tectonic deformation or geomorphic readjustment (e.g., Amazon).  
2.  Truncated margins – these systems are oversteepened and unstable due to allogenic perturbations (such as relative 
isostatic uplift, relative sea-level changes, or alternation of carbonate-siliciclastic deposition) and geomorphic 
processes are readjusting (or regrading) the systems morphology (e.g., Hudson). 
3.  Diapiric margins – systems with mobile substrate deformation, which causes complicated erosion and deposition 
trends (e.g., minibasin fill) on the continental margin (e.g., Mississippi).  
Tectonically Active Margins: 
4. Divergent margins – systems experiencing deformation due to rift-related normal faulting (e.g., Messina). 
5. Convergent margins – systems experiencing deformation due to tectonic shortening and accretionary-wedge 
development, as well as subduction-related subsidence (e.g., Astoria). 
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Figure 2.1 A) Map depicting the locations of the 50 paired continental margin and submarine channel systems analyzed 
in this study. B) Example from the Danube of how bathymetry data are used to document morphology of submarine 
channels and continental margins (250 m contour interval). The graphs show the relationship between the Danube 
longitudinal profiles (left) and depth-gradient profiles (right). 
 
2.3.2 Submarine-Channel Data 
This study characterizes the entire length of the submarine channel system, including both erosional (typically 
termed “canyon”) and constructional (typically termed “leveed channel”) reaches of the system (Pirmez and Imran, 
2003). We used the highest-resolution, publicly available bathymetry data to map and characterize each channel (Fig. 
2.1, Table 2.1). Using the methods of Shumaker et al. (2018), we mapped the channel thalweg (deepest cross-sectional 
location) of each channel using 20 m contour intervals. The thalwegs of each channel was mapped from the canyon 
head (as defined by Twichell and Roberts, 1982) to the channel-lobe transition zone (where the channel is no longer 
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distinguishable; Wynn et al., 2002). At increments of 500 m streamwise distance from the canyon head to the channel-
lobe transition zone, we measured:  
1. Depth – measured from sea level to the channel thalweg. 
2. Gradient – change in thalweg depth divided by distance between previous and current datapoint (distance = 500 
m). 
3. Sinuosity – streamwise distance divided by straight-line distance between points located 2.5 km (i.e., 5 data points) 
up and downstream of the data point. 
 
 
Figure 2.2 Comparison of continental margins and submarine-channel longitudinal profiles from all 50 systems used 
in this study, grouped into six continental margin styles as defined by Emery (1980). Channel profiles typically are 
longer and of lower gradient than profiles of the associated continental margin, likely due to autogenic processes 
(erosion, deposition, sinuosity development) that lower the channel gradient. 
 
2.3.3 Depth-Gradient Profiles 
In order to investigate geomorphic form without bias arising from the variability in bathymetric resolution 
and total relief of systems (which is limited by basin depth; see Fig. 2.2), we created normalized depth-gradient profiles 
for continental margins and channels. In these plots, the normalized depth (y) axis consists of 100 evenly spaced points 
from sea level to the maximum depth of the channel, and the gradient (x) axis represents the mean gradient between  
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Amazon S. Atlantic Brazil Passive prograding 875 4.2 3.2 6021635 1,2 ~100 m grid
Baltimore N. Atlantic USA Passive reajusting 445 4.3 3.4 35708 3 100 m
CapFerret N. Atlantic, Bay of Biscay Spain/France Passive reajusting 431 4.4 3.3 17839 4 1/16 arc sec (116 m) 
Celtic N. Atlantic Ireland Passive reajusting 327 4.4 4.4 nan 4 1/16 arc sec (116 m) 
Danube Black Sea Romania Passive prograding 254 1.8 2.4 793162 4 1/16 arc sec (116 m) 
Ebro Mediterranean, Balearic Sea Spain Passive prograding 416 2.6 4.6 86055 4 1/16 arc sec (116 m) 
Gollum N. Atlantic Ireland Passive prograding 267 3.6 3.0 nan 4 1/16 arc sec (116 m) 
Hudson N. Atlantic USA Passive reajusting 752 5.1 3.9 41261 3 100 m
Hydrographers N. Atlantic USA Passive reajusting 309 4.4 6.3 nan 3 100 m
Mississippi Gulf of Mexico USA Passive diapirism 640 3.0 2.2 3179211 5,6,7 40 ft; ~90 meters
Nazaré N. Atlantic Portugal Passive reajusting 269 5.1 5.7 8515 4 1/16 arc sec (116 m) 
Norfolk N. Atlantic USA Passive reajusting 537 4.8 4.1 130974 3 100 m
Nygren N. Atlantic USA Passive reajusting 136 3.7 10.9 nan 3 100 m
Pamlico N. Atlantic USA Passive reajusting 318 4.7 11.3 50112 3 100 m
Perdido Gulf of Mexico Mexico Passive diapirism 199 2.7 2.9 475381 5,8 40 ft; 40 meters
Perth S. Pacific Australia Passive reajusting 140 4.5 8.0 99529 9,10 50-250m
Rhone Mediterranean France Passive prograding 175 2.2 2.6 98146 4 1/16 arc sec; 116 m 
Sào Vicente N. Atlantic Portugal Passive reajusting 213 4.6 4.7 2351 4 1/16 arc sec (116 m) 
Setùbal N. Atlantic Portugal Passive reajusting 198 4.9 6.1 7642 4 1/16 arc sec (116 m) 
SpriggEast S. Pacific Australia Passive reajusting 65 3.7 9.3 774914 9,10 50-250m
SpriggWest S. Pacific Australia Passive reajusting 64 4.5 12.8 774914 9,10 50-250m
Tasmania S. Pacific Australia Passive reajusting 46 2.3 5.2 403 9,10 50-250m
Var Mediterranean France Passive reajusting 130 2.4 7.7 3581 4 1/16 arc sec (116 m) 
Veatch N. Atlantic USA Passive reajusting 299 4.4 5.6 nan 3 100 m
Verrill N. Atlantic Canada Passive reajusting 221 4.5 6.5 nan 2 ~200 m
Almeria Mediterranean Spain Active divergent 95 1.6 2.8 2869 4 1/16 arc sec (116 m) 
Arguillo N. Pacific USA Active transform 300 4.4 5.5 2380 11,12 ~30-50 m 
Astoria N. Pacific USA Active convergent 334 2.9 2.9 651423 2 ~100 m
BioBio S. Pacific Chili Active convergent 133 4.4 5.5 24243 2 ~200 m 
Bounty S. Pacific New Zealand Active convergent 1149 4.6 4.9 29015 13,14 ~250 m 
Carlsbad N. Pacific, Bordelands USA Active transform 37 0.8 4.6 85 15 ~25-30 m
Cucao S. Pacific Chili Active convergent 98 3.2 7.7 1153 2 ~200 m 
Delgada N. Pacific USA Active transform 351 3.9 4.2 153 2 ~100 m
Eel N. Pacific USA Active convergent 142 2.8 7.8 9361 2 ~100 m
Hikurangi S. Pacific New Zealand Active convergent 1496 5.0 3.9 23637 13,14 ~250 m 
La Jolla N. Pacific, Bordelands USA Active transform 63 1.0 5.6 1156 15 ~25-30 m
Lingue S. Pacific Chili Active convergent 961 5.5 7.8 27234 2 ~200 m 
Lucia N. Pacific USA Active transform 115 3.5 6.6 173 15,16 ~50 m
Mendocino N. Pacific USA Active convergent 163 2.9 6.9 763 17 ~50 m
Messina Mediterranean Italy Active divergent 149 2.5 3.3 1035 4 1/16 arc sec (116 m) 
Monterey N. Pacific USA Active transform 369 4.0 4.0 16329 15,16 ~50 m
Newport N. Pacific, Bordelands USA Active transform 99 1.0 3.5 6756 11,18 ~25-30 m
Nitinat/Juan de Fuca N. Pacific USA Active convergent 1319 3.6 4.2 276966 2 ~200 m
Oceanside N. Pacific, Bordelands USA Active transform 53 0.9 5.0 3368 11,18 ~25-30 m
Pioneer N. Pacific USA Active transform 112 3.5 6.3 133610 2 ~100 m
San Antonio S. Pacific Chili Active convergent 158 5.5 8.3 15148 2 ~200 m 
San Gabriel N. Pacific, Bordelands USA Active transform 81 1.0 4.1 2371 11,18 ~25-30 m
Sur N. Pacific USA Active transform 116 3.2 7.7 231 15,16 ~50 m
Trinidad N. Pacific USA Active convergent 68 2.8 8.2 31811 2 ~100 m
Willapa N. Pacific USA Active convergent 1157 3.7 5.2 8835 2 ~200 m
* streamwise distance of mapped channel from the canyon head to channel termination.
**  bathymetric difference between sea level and the channel mouth.
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consecutive normalized depth points (Figs. 2.3, 2.4). Prior to normalization of the channel profiles, the data gaps 
between sea level and the shallowest channel-profile datapoint were filled with the median gradient values from the 
equivalent depths of the associated continental margin, which adds the appropriate morphology of the shelf above the 
channel to allow for direct comparison of the continental margin and channel profiles. This normalization process 
creates depth-gradient profiles that have a consistent number of data points, which is necessary for the subsequent 
factor analysis. The data in Figure 2.4 are also replotted as normalized longitudinal profiles in which both axes are 
normalized to profile relief (Figs. 2.3B, 2.5).  
 
 
Figure 2.3 Morphologic comparison of both continental margins and submarine channels from tectonically active and 
passive settings. A) Depth–gradient profiles normalized to the total relief of the system showing the P10, P50, P90 
gradient values by depth for continental margins and channel systems on tectonically passive margins (left) and active 
margins (right). Continental-margin gradients in active tectonic settings have higher P50 gradients in the lower half of 
the system, while the highest gradients are focused in the upper half of continental margins in passive tectonic settings. 
Interestingly, the P50 channel depth-gradient profiles for tectonically active and passive settings are quite similar. B) 
Projected longitudinal profiles for continental margins and channels normalized to total relief of the profile from P10-
50-90 gradient data from Part A demonstrate the range of morphologies for tectonically passive and active systems. 
Tectonically passive systems show a wider range of continental-margin morphologies, notably the potential 
development of a more extensive continental shelf and lower gradients in the continental slope and rise. The P10 and 
P50 longitudinal profiles for channels on tectonically passive and active settings are remarkably similar, and only the 
P90 profiles differ slightly in shape – beyond the continental shelf edge, channels on tectonically active settings have 
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Figure 2.4 Normalized depth-gradient profiles for all 50 systems in this study. Continental-margin profiles are in gray 
and channel profiles are colored red for tectonically active settings and blue for tectonically passive settings. For each 





























Figure 2.5 Dimensionless longitudinal profiles for all 50 systems in this study. Continental margin profiles are in gray 
and channel profiles are colored red for tectonically active settings and blue for tectonically passive settings. For each 





2.3.4 Data on Terrestrial Catchment and Sediment Supply 
Sediment supply is considered one of the primary controls on submarine channel development (Barnes and 
Normark, 1985; Mutti and Normark, 1987; Covault et al., 2011, 2012). Sediment supply and transport throughout 
source-to-sink systems over short-time scales (<100,000 years) is significantly impacted by a number of factors, 
including catchment area and topography, drainage pattern, lithology, climate, and vegetation (Romans et al., 2016). 
However, the most important factor governing sediment transport and storage over long-term evolution of a source-
to-sink system (> 1 million years) is the size of the catchment area (Sømme et al., 2009). Catchment area positively 
correlates with sediment load and long-term deposition rate of submarine fans (Sømme et al., 2009); however, these 
relationships break down at smaller spatial and temporal scales where variable sediment flux is resolved (Pettinga et 
al., 2018).  
Based on the positive relationship between terrestrial catchment area and the total sediment volume supplied 
to marine environments, we used terrestrial catchment area as a proxy for the amount of time a system has existed and 
the total sediment volume that has been supplied to the continental margin and channel (Table 2.1). The area of the 
modern terrestrial catchments associated with each continental margin and channel was measured using the 
HydroSHEDS database (http://hydrosheds.cr.usgs.gov; Lehner et al., 2008). This simple method of predicting 
sediment supply is applied because appropriate data were available for most system in the study, whereas the necessary 
data (such as lithology, ice erosion, precipitation and temperature, and anthropogenic factors) to apply more 
sophisticated models (e.g., BQART; Syvitski and Milliman, 2007) was unavailable for many systems (cf. Milliman 




2.4.1 Description and Classification of Longitudinal Profiles 
The range of longitudinal profiles for the siliciclastic continental margins and submarine channels in our 
dataset is shown in Figure 2.2, and there are notable differences between the longitudinal profiles among the 50 
examples from the six continental-margin styles. The continental-margin profiles typically have lower maximum and 
average gradients and less total distance than the associated channel (Figs. 2.2, 2.3). Generally, continental-margin 
profiles in passive tectonic settings have a longer shelf and lower maximum continental-slope gradient than those of 
active margin settings (Figs. 2.3, 2.4, 2.5). The channel profiles from passive tectonic settings are generally longer in 
proportion to their total depth than those from active tectonic settings (i.e., have longer P50 profiles in Figure 2.3B), 
but the average and maximum gradients of channel profiles from active and passive settings are similar (Fig. 2.3A). 
The range of normalized distance and gradient values of both continental margins and channels profiles are similar 
between active and passive margins (Fig. 2.3), for example, in this study: the continental margin and channel profiles 
from the Amazon (passive margin) and Bounty (active margin) systems have some of the longest normalized distances 
(Fig. 2.5) and the lowest average gradients (Fig. 2.4), whereas the continental-margin and channel profiles from the 
Sao Vicente (passive margin) and Bio Bio (active margin) systems have some of the shortest normalized distances 
(Fig. 2.5) and highest average gradients (Fig. 2.4). 
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The composite normalized depth-gradient profiles in Figure 2.3A demonstrate two important characteristics 
related to the continental margin and channel profiles on active margins (n = 25) versus passive margins (n = 25). 
First, the shape of the P50 (median) normalized depth-gradient profile for channels is similar for tectonically active 
and passive settings, with peak values at ~ 0.1-0.2 normalized depth (Fig. 2.3A). Second, the normalized depth-
gradient profiles for continental margins differ between tectonic settings, with the highest gradients being focused in 
the upper half of continental margins in passive tectonic settings (peak value at < 0.5 normalized depth) and the lower 
half of continental margins in active tectonic settings (peak value at > 0.5 normalized depth) (Fig. 2.3A). 
While there is a continuum of morphologies that naturally exist for these systems, we qualitatively identified 
four basic morphologies through visual analysis of depth-gradient profiles (Fig. 2.6): 
Type 1. Bottom imbalanced profiles - Profiles in this category have their maximum gradient (~ 5-10 degrees) in the 
lower half and the upper half often has a relatively consistent low gradient. 
Type 2. Middle imbalanced profiles - Profiles have a nearly symmetrical increase and decrease in slope from top to 
bottom of the profile with a maximum gradient (~ 5-10 degrees) near the middle. 
Type 3. Top imbalanced profiles - These profiles have their highest gradients (~ 5-10 degrees) concentrated in the 
upper half, typically followed by a rapid decrease in gradient and, after a sharp inflection, the lower half of the profile 
slowly decrease toward zero degrees. 
Type 4. Tapered, low-gradient profiles – These profiles have maximum gradients < 5 degrees and typically have the 
highest gradients in the upper half of the system and gradient values slowly taper toward zero with depth. 
The validity of using these qualitatively identified profile types to document the range of morphologies for 
both continental margins and channels is supported by the results of a factor analysis, an unsupervised machine-
learning technique (Reyment and Jöreskog, 1993), of the depth-gradient profiles (Fig. 2.7). Specifically, we applied a 
Q-mode factor analysis using a cosine θ similarity matrix and Varimax rotation to the dimensionless depth-gradient 
profiles, using an approach similar to that of O’Grady et al. (2000) and Pisias et al. (2013). The results provided two 
factors that account for 83% of the variance between profiles (Fig. 2.7). While these factors do not directly relate to 
an individual measurement of the profile, comparisons between our qualitative classification and the Q-mode factor 
analysis reveal that: Factor 1 (explained variance = 78%) relates to the degree of bottom-imbalance of profiles, where 
high factor 1 scores equate to a high peak in gradient in the lower half of the profile and low-to-negative scores have 
increasingly lower magnitude peaks in similar locations (Fig. 2.7). Factor 2 (explained variance = 9%) relates to the 
degree of top-imbalance of profiles, where high scores relate to a high gradient values in the upper half of the 
normalized depth-gradient profile and low-to-negative scores have increasingly lower-magnitude peaks in similar 
locations. By plotting the values for factor 2 against maximum gradient, the data cluster in relation to the qualitative 
morphology types (Fig. 2.6 and 2.7A). 
 
2.4.2 Smoothness As a Proxy for Maturity 
In this study, geomorphic “smoothness” is used to represent how close the profiles of continental margins and channels 
are toward an idealized, mature equilibrium profile (Hack, 1960; Wobus et al., 2006; Ahnert, 1994). Since maturity 




Figure 2.6 – Classification of continental-margin and channel morphology based on normalized depth-gradient 
profiles (gray = continental margin; colors = canyon-channel thalwegs). Profiles are characterized by the location and 
magnitude of their highest gradients.  Type 1 (bottom imbalanced) morphologies have high gradients in the lower 
reaches of the profile. Type 2 (middle imbalanced) have high gradients in the middle of the profile. Type 3 (top 
imbalanced) have high gradients at the top of the profiles. Type 4 (tapered, low gradient) have much lower maximum 
gradients than the other types, and gradient decreases from the upper to lower reaches of the profile. While developed 
qualitatively, the validity of the four classes is corroborated by quantitative factor analysis (see Fig. 2.7). Profile types 
1-4 are interpreted to represent a continuum of less- to more-mature morphologies.  
 
of a profile. The smoothness value in this study utilizes the maximum gradient and distance of the normalized 
longitudinal profile (= profile distance/profile relief) (Fig. 2.8A). These variables are used because an equilibrium 
longitudinal profile should not contain rapid gradient changes (e.g., knickpoints; Heiniö and Davies, 2007). Also, as 
an oversteepened system approaches its equilibrium profile, it must become longer in proportion to the relief of the 
system (i.e., approaching a lower average gradient) by eroding into the continental shelf, extending the profile into the 
basin, and developing sinuosity (Kneller, 2003). The x and y axes of Figure 2.8A are normalized by the values from 
profiles with the greatest normalized distance (Nitinat channel) and the greatest maximum gradient (Sprigg West 
continental margin), respectively. Smoothness values are calculated by orthogonally projecting the plotted points onto 
a relative smoothness line connecting the maximum values of each axis (i.e., y =-1x+1) in Figure 2.8A. The high-
maximum-gradient, low-normalized-distance end of the line represents the locations of lowest-smoothness systems 
(smoothness proxy = 0) and the low-maximum-slope, high-normalized-distance end represents the highest-
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smoothness systems (smoothness proxy = 1). The smoothness values of channels typically exceed that of associated 
continental margins (Fig. 2.8B), and the difference in smoothness values between them is referred to as the 
“smoothness Δ” (smoothness Δ = channel smoothness – continental-margin smoothness) (Fig. 2.9).  
  
 
Figure 2.7 Factor analysis of continental-margin and submarine channel depth-gradient profiles validates qualitative 
classification types from Figure 2.6. A) Plots used to quantitatively define morphology Types 1-4 compare outputs 
from the factor analysis (factor 2) and the maximum gradient from the normalized depth-gradient profiles. The 
qualitatively defined groups (differentiated by symbol color) are also distinguished using factor analysis (sectors 
separating Types 1-4), and the inset shows examples of normalized depth-gradient profiles (see Fig. 2.6) from each 
sector of the plot. B) Normalized depth-gradient profiles of the continental margins and channels divided by 
morphologic type and tectonic setting. For both continental margins and channels, the majority of Types 1-2 
morphologies are from tectonically active settings while the majority of Types 3-4 morphologies are from tectonically 
passive settings. Continental margins have a greater number of Types 1-2 morphologies, while there are more channels 





Figure 2.8 Plots documenting the method developed to measure smoothness values for both continental margins and 
submarine channels, which are used a proxy to compare relative maturity of each toward an idealized high-
smoothness, equilibrium profile. A) The relative maximum gradient and relative normalized distance plot is used to 
calculate smoothness values, and the inset illustrates how smoothness values were assigned, by orthogonally 
projecting the data points onto a line connecting the maximum value from each axis. The axes are derived from the 
relative maximum gradient (the maximum gradient for each system divided by the value from the system with the 
highest maximum gradient) and relative dimensionless distance (the maximum distance from each dimensionless 
longitudinal profile divided by the value from the system with the greatest dimensionless distance). B) Plot comparison 
of smoothness values for related continental margins and channels shows that channel smoothness typically exceeds 
that of associated continental margins, likely caused by more energetic sedimentary processes acting upon the channel. 
 
Continental-Margin Smoothness. – Active and passive continental margins have overlapping distributions of 
smoothness values and similar medians of ~ 0.3 (Fig. 2.9); however, significant variability exists between the six 
margin classes. There are two general groupings of margin smoothness based on margin classes: those with higher 
margin maturities (prograding and diapiric systems; P50 = 0.36 and 0.47) and those with lower margin maturities 
(truncated, divergent, transform, and convergent systems; P50 = 0.24, 0.24, 0.30, and 0.22) (Fig. 2.9).  This grouping 
generally follows the passive versus active tectonic style divisions; however, truncated margins show more similarity 
with the active margins based on smoothness values (Fig. 2.9). 
Channel Smoothness. – Channel-smoothness values are generally higher than the associated continental 
margins, and there is almost no overlap between their interquartile ranges (Fig. 2.9). Channels from active and passive 
continental margins have nearly complete overlap of their interquartile distributions of smoothness values and similar 
medians of ~ 0.4 (Fig. 2.9A). However, the distribution of active-margin-system maturities has three outlier systems 
(Nitinat, Willapa, and Hikurangi systems), which have the highest smoothness values of all the channels (Fig. 2.9). 
The distribution of channel-smoothness values by continental-margin class indicates three groups, those with: (1) high 
median smoothness with limited variability (prograding and diapiric margins), (2) low median smoothness with 
limited variability (truncated, divergent, and transform margins), and (3) low median smoothness with significant 




Figure 2.9 Box plots showing the distributions of smoothness values and smoothness ∆ (= channel smoothness - 
continental margin smoothness) values for continental margins and channels divided by tectonic setting and margin 
styles defined in Figure 2.2. On average, smoothness values are higher for channels than continental margins, likely 
caused by more energetic and frequent sedimentary processes acting upon the channel. While there is almost 
complete overlap in the range of smoothness values between passive and active tectonic settings for both continental 
margins and channels, the smoothness ∆ is greater in active tectonic settings. Margin type classes show three general 
groupings based on these plots: (1) those with high continental-margin and channel smoothness (prograding, 
diapirism), (2) those with low continental-margin smoothness and low-to-high channel smoothness (truncated, 
divergent, transform), and (3) those with low continental-margin smoothness and low-to-high channel smoothness 
(convergent). 
 
Continental-Margin and Channel-Smoothness Relationships. – Continental-margin smoothness is typically 
lower than that of associated channels and, in theory, represents the initial smoothness of an associated, nascent 
channels (Fig. 2.9). The median and maximum smoothness Δ values for tectonically active margins (~ 0.19 and ~ 
0.43) are larger than those for passive margins (~ 0.17, ~ 0.23), but their interquartile ranges overlap (Fig. 2.9). In 
tectonically passive settings, the smoothness Δ rarely exceeds 0.2 (Fig. 2.9), and all the prograding and diapiric 
margins and many of the truncated systems in this study exhibit ~ 0.2 smoothness Δ (Fig. 2.9B); however, some 
truncated margins have smoothness Δs close to 0 (e.g., Verrill, Sprigg West, Nygren). Among active margins, 
convergent systems have the largest smoothness Δ values (Fig. 2.9B), while the values for transform and divergent 
margins are lower and have ranges similar to truncated passive margins.  
There are three general groups of profiles based on continental-margin and channel-smoothness data, shown 
in Figure 2.9: (1) High-smoothness continental margin and channel profiles (low smoothness Δs), common in 
prograding and diapiric margins. (2) Low-smoothness continental margin and channel profiles (low smoothness Δs), 
common in truncated, divergent, and transform margins. (3) Low-smoothness continental margin and a range of low-
to-high channel profiles (low-to-high smoothness Δ), common in convergent margins. Based on these divisions, there 
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is not a clear separation between the smoothness relationships of active and passive tectonic settings, but active 
margins develop smoothness Δs that are larger than those of passive margins (Fig. 2.9A).  
 
2.4.3 Channel Sinuosity 
The aggregate channel sinuosity-gradient data show that maximum sinuosity values occurring at gradients of 
~ 1 degree (Fig. 2.10A), and sinuosity values tend to increase along with gradient values towards a maximum value 
before decreasing again (see moving average in Fig. 2.10A). This trend was previously observed in both fluvial 
channels (Schumm, 1977) and submarine channels (Clark et al., 1992). When using the median smoothness value of 
0.4 as the division between high- and low-smoothness channels, our dataset shows that high-smoothness channels 
tend to develop higher degrees of sinuosity overall and on lower gradients than low-smoothness channels (Fig. 2.10A). 
Comparing gradient-sinuosity relationships for channels of each margin type shows two general categories (Fig. 
2.10B), channels where the highest sinuosity development occurs on gradients below 1 degree (prograding and diapiric 
margins) and channels where the highest sinuosity development occurs on gradients above 1 degree (truncated, 
divergent, transform, and convergent margins).   
 
Figure 2.10 – Submarine-channel sinuosity–gradient plots. A) Data collected every 500 meters longitudinally along 
the channel (gray) and 500-point moving average (red) from all systems (top), systems with high channel smoothness 
values (> 0.4; middle), and systems with low channel smoothness values (< 0.4; bottom). High-smoothness systems 
develop greater sinuosity overall, and particularly on lower gradients than low-smoothness systems. Dashed vertical 
line denotes 1° gradient to enable comparison. B) Channel sinuosity-gradient plots by margin type. (note: gray data 
points in the plot for convergent margins are from the Mendocino channel, which is an outlier from other convergent 
margin systems). 
 
2.4.4 Correlations between Smoothness and Sediment Supply 
Relationships between catchment area (a proxy for total sediment supply volume) and smoothness values 
from continental margins and channels show several trends: (1) In Figure 2.11A, there is a slightly positive to neutral 
relationship between catchment area and maximum values of continental-margin smoothness values for both active 
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and passive margins. (2) In Figure 2.11B, there is a positive relationship between catchment area and maximum values 
of channel smoothness for active and passive margins; however, active-margin channels can achieve higher 
smoothness values than passive-margin channels for a given catchment size. (3) In Figure 2.11C, positive relationship 
between catchment area and maximum smoothness Δ values for tectonically active margins and a neutral to slightly 
positive correlation for tectonically passive margins.  
 
Figure 2.11 – Plots showing the relationships between fluvial catchment area (a proxy for sediment supply) and 
smoothness data for A) continental margins, B) submarine channels, and C) the smoothness Δ. In each plot the dashed 
lines show qualitative trends for tectonically passive and active systems defined by the upper bound of smoothness 
data with increasing fluvial catchment areas. Parts A and B show that the upper bound of continental margin and 
channel smoothness increases slightly with sediment supply in tectonically active and passive settings, and we propose 
that sediment supply directly affects the magnitude at which sedimentary processes act to smooth profiles toward their 
respective equilibrium profiles. Part C shows that the maximum smoothness Δ increases rapidly with sediment supply 
for active tectonic settings, but increases much slower for passive tectonic settings. We propose these trends are caused 





2.5.1 Basin Lifecycle, Margin Evolution, and Sediment Supply 
Throughout its lifecycle, a continental margin may transition between numerous morphology types (Fig. 
2.12) as the ocean basin evolves through different tectonic regimes as described in the Wilson Cycle (Jacobs et al., 
1973). Accordingly, the stratigraphic record of a continental margin may preserve remnants from multiple margin 
types. While we classify 50 margins based on their modern geomorphic expression, we recognize that these systems 
are undergoing various stages of coupled and decoupled evolution, and that the modern expression is not necessarily 
representative of the entire stratigraphic record of that margin. For example, the eastern North American margin is 
currently a truncated passive margin, but its earliest basin fill was in a divergent rift basin, and in the future, an increase 
in sediment supply could transition this margin into a prograding passive margin (Poag, 1985).  
Our approach to estimating fluvial sediment discharge assumes that it has simple positive relationship the 
associated drainage area, which is an obvious oversimplification which ignores many factors known to impact fluvial 
sediment discharge (e.g., lithology, topographic relief, climate, and tectonics) (Milliman and Farnsworth, 2013). 
Additionally, our methods do not account for variability in the driving factors (e.g., changing climate) or changing 
processes affecting fluvial sediment discharge through time (e.g., Pleistocene glacial outbursts in North America). As 
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a result, much of the scatter present in the smoothness data and sediment-supply proxy plots of Figure 2.11 is likely 
due to the simplistic method used to estimate sediment supply; however, measurements of sediment flux are not 
available for all systems, while lacking precision, we argue that the large-scale trends observed between smoothness 
and estimated sediment supply are valid.    
 
 
Figure 2.12 – Compilation of continental-margin and submarine-channel morphology types (Fig. 2.6), sinuosity data 
(Fig. 2.10), and smoothness values (Fig. 2.9). The proposed progression from Type 1 toward Type 4 morphologies 
(red arrows) may represent the typical pathway of morphologic change as a profile matures toward a smooth, lower-
gradient, equilibrium longitudinal profile. Note the increase in sinuosity on lower gradients from Type 1 to Type 4, 
an independent metric for higher smoothness. 
 
2.5.2 Profile Smoothness and Sedimentary Processes  
The four longitudinal-profile types defined in this study show that profile smoothness increases from Type 1 
to Type 4 (Fig. 2.12), and we propose that both continental-margin and channel longitudinal profiles will progress 
from a lower- to higher-smoothness profile types as they mature from their current state toward their respective 
equilibrium (graded) profiles along the progression illustrated in Figure 2.12. 
The method by which continental-margin profiles increase their smoothness is described by equilibrium-
profile development and slope readjustment processes (e.g., Hedberg, 1970; Ross et al., 1994, 1995; Pyles et al., 2011).  
Initially, to establish an equilibrium profiles on continental margins, diffusive processes (e.g., hemipelagic 
sedimentation, mass wasting, and creep) build the upper slope to a critical angle of bypass, then sediment gravity 
flows bypass the upper slope and dominate deposition in lower slope environments (Ross et al., 1995). If a continental 
slope develops an oversteepened (or out-of-grade) profile, “slope readjustment” reduces the gradient toward the 
equilibrium (graded) profile through erosional truncation and sediment bypass via sediment gravity flows in the upper 
reaches of the profile, in conjunction with deposition and backfilling (onlap) in the lower reaches of the profile. 
Progradation can occur only after the continental margin has established its equilibrium profiles. 
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Submarine-channel development begins with a longitudinal profile similar to that of the surrounding 
continental margin and then progress toward a higher-smoothness (equilibrium) profile. Importantly, channels develop 
increased smoothness at a greater rate and have equilibrium profiles with higher smoothness values than their related 
continental margin, due to differences in the style and magnitude of sedimentary processes between the channels and 
inter-channel (i.e., margin) locations (Shepard, 1936; Gerber et al., 2009; Talling et al., 2015). Specifically, channels 
are the principal location of erosion, bypass, and deposition via sediment gravity flows, which act to quickly smooth 
and mature channel longitudinal profiles (Covault et al., 2011). Continental margins, on the other hand, are 
predominantly acted on by less-energetic, primarily diffusive sedimentary processes, chiefly hemipelagic deposition 
and some mass wasting (Ross et al., 1995), and thus mature towards a high-smoothness profiles more slowly, 
particularly in areas where the gradient is occasionally perturbed (e.g., active tectonic settings).  
Additionally, unlike continental margins, channel smoothness increases though sinuosity development (Fig. 
2.10). While bank stability and substrate erodibility affect channel-migration behavior, sinuosity develops in response 
to gradient and resistance to flow, with the greatest sinuosity development occurring in the presence of low 
gradient/resistance ratios (Lazarus and Constantine, 2013). Thus, it is fitting that channel sinuosity increases along 
with reduced gradient and increased smoothness of a channel profile (Figs. 2.10, 2.12). This is in agreement with 
previous observations that increased sinuosity development occurs as a channel reach approaches its equilibrium 
profile (Janocko et al., 2013). Accordingly, in our study, Type 1 to Type 4 channel profiles show a progressive increase 
in sinuosity, most dramatically in low-gradient reaches (Fig. 2.12). 
 
2.5.3 Continental Margin and Submarine Channel Coevolution Models 
As continental margins and associated submarine channels develop morphologically toward their respective 
equilibrium (i.e., graded, mature) longitudinal profiles, the relationship between these profiles will fluctuate though 
time due to differences in sedimentary processes and their impacts between channel and inter-channel (i.e., margin) 
regions. We explore the spectrum of continental-margin and channel coevolution pathways using two endmember 
models, discuss how the endmember models relate to passive and active tectonic settings, and investigate how the 
interplay of tectonic deformation and sedimentary processes can explain these observations. 
Coevolution Models – Based on our analysis and the known processes of longitudinal-profile evolution of 
continental margins and channels, we propose two endmember models (coupled and decoupled) for the coevolution 
of these systems toward higher-smoothness, equilibrium profiles. In the Coupled Evolution Model (Fig. 2.13A), the 
continental margin and channel begin with erosion in the upper profile and depositional onlapping in the lower profile 
acting to increase their smoothness toward their unique equilibrium profiles (t1-t3), and after establishing their 
respective equilibrium profiles (soon after t3), deposition can occur throughout their profiles, which will causes them 
to prograde basinward (t4). In the early time steps, the profiles smoothness of the channel increases more rapidly than 
the continental margin, which causes the smoothness Δ to initially increase. If the channel reaches its equilibrium 
profile before the profile of the associated continental margin, the smoothness Δ will subsequently decrease until both 
profiles reach their equilibrium, after which the smoothness Δ will remain static (unless disturbed). The gray profiles 
in Figure 2.13A represent a scenario where a prograding system experiences a disturbance (i.e., change in allogenic 
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control) that causes the continental-margin and channel profiles to become oversteepened (i.e., smoothness lower than 
their equilibrium state) and the smoothness Δ to decrease (profile O in Fig. 2.13A), after which erosion and onlapping 
must readjust the profiles to an equilibrium state (profile R in Fig. 2.13A) before progradation can resume.  
Alternatively, in the Decoupled Evolution Model (Fig. 2.13B), the smoothness Δ continues to increase in the 
progression from t1 to t4 as the channel-profile smoothness increases at a much higher rate and to a greater final 
magnitude than that of the continental margin. Throughout this model the continental margin and channel remain 
erosional in the uppermost reaches of their profiles, with depositional onlapping occurring only in the lower reaches 
of their profiles; thus the profiles never prograde. However, the continental margin and channel may have reached 
their respective equilibrium (or dynamic equilibrium) profiles at t4, after which the smoothness Δ would remain static. 
If the continental-margin and channel profiles are at equilibrium when a disturbance causes them to become 
oversteepend, they will revert to a condition similar to one of the prior time steps (i.e., lower-smoothness profiles and 
lower smoothness Δ), then erosion and deposition will begin progressing them back toward there equilibrium states. 
Both evolution models include the general progression of systems from profile morphology type 1 toward 
type 4, though the rates and final morphologies differ between them (Figs. 2.12, 2.13). In the Coupled Evolution 
Model, during time steps t1-t4, both the continental-margin and channel profiles progress from profile Type 1 to Type 
4 (Fig. 2.13A). Whereas in the Decoupled Evolution Model, during time steps t1-t4, the channel progress from profile 
Type 1 to Type 4, but the continental-margin profile evolution is “decoupled” from the channel, and margin profiles 
do not evolve beyond morphology Type 2 or Type 3. 
 The stratigraphic architectures produced by the two coevolution pathways differ significantly. The Coupled 
Evolution Model produces a sedimentary wedge that includes preservation of deposits from the entire continual margin 
and submarine channel profile as the system progrades. Whereas, the Decoupled Evolution Model produces a 
sedimentary apron that onlaps the continual slope and there is no preservation of deposition from the upper portion of 
the continual margin and channel profiles, because these areas remain erosional even when at equilibrium.  
Tectonic Deformation and Sedimentary Processes Driving Coevolution – Models comparing submarine 
channels and associated deposits (i.e., submarine-fan systems) between active and passive margins typically do not 
recognize the full range of channel development identified in the current study (e.g., Reading and Richards, 1994). 
While these models include a wide spectrum of geomorphic development of channel systems (longitudinal distance, 
gradient, and smoothness) in passive tectonic settings, they limit channel morphologies in active tectonic settings to 
shorter, high-gradient systems with low smoothness (e.g., Shanmugam and Moiola, 1991; Uchupi and Emery, 1991; 
Harris and Whiteway, 2011). As a result, these models fail to recognize the existence of large, well-developed, mature 
channels on active margins, like the Hikurangi, Bounty, Nitinat, Astoria, and Willapa systems (Fig. 2.4), which have 
channels with high smoothness values (Fig. 2.9).  
To address some of these shortcomings, we propose the Coupled and Decoupled Evolution Models as 
generalized models for morphologic coevolution of related continental margins and channels in tectonically passive 
and active settings, respectively. The proposed models account for two important observations regarding active and 
passive settings: (1) channel profiles can reach high smoothness values when sediment supply is high on either active 




















Figure 2.13 – Models of two endmember pathways for coevolution of continental-margin and channel longitudinal 
profiles. In both models, channel initiation occurs a time step t1, and in subsequent time steps (t2-t4) the continental 
margin and channel mature toward higher-smoothness, equilibrium profiles. Note that in the depth-gradient plot on 
the left, the line width represents the magnitude of the smoothness Δ. A) In the Coupled Evolution Model, the 
progression illustrated by the blue profiles shows the smoothness Δ increasing from t1 to a point following t3, after 
which it decreases slightly before remaining constant toward to t4. The continental-margin and channel profiles in this 
model begin with erosion in the upper reaches of the profile and depositional onlapping in the lower reaches of the 
profile until their gradient is reduced to their equilibrium profiles (t1-t3), and after their respective equilibrium profiles 
are established, deposition can occur throughout their profiles, causing them to prograde basinward (t4). The gray 
profiles represent possible intermediate steps where the prograding equilibrium profiles become oversteepened (O) 
due to some external perturbation and must readjust to an equilibrium profile (R) though erosion and onlapping before 
progradation can resume. B) In the Decoupled Evolution Model, the smoothness Δ continually increases in the 
progression from t1 to t4 as the channel-profile smoothness increases at a much higher rate and to a greater final 
magnitude than that of the continental margin. Throughout this model the continental margin and channel remain 
erosional in the uppermost reaches of their profiles with depositional onlaping occurring only in the lower reaches of 
their profiles; thus the profiles never prograde. However, the continental margin and channel may have reached their 
respective equilibrium profiles at t4, after which the smoothness of both profiles and the smoothness Δ would remain 
static. We consider the Coupled and Decoupled Evolution Models to be more typical of passive and active margins, 
respectively, and attribute the variability between the coevolution pathways to the magnitude and relative rates of 
smoothness (i.e., maturity) development due to the sedimentary processes acting on a continental margin and channel 










and to a greater magnitude on active margins, as compared to rates on passive margins. Furthermore, we suggest that 
the differences in coevolution (specifically, the smoothness Δ) between these models are caused by differences in the 
relative influence of sedimentary processes (which increase smoothness) versus tectonic deformation (which reduces 
smoothness) on profile morphology between channels and inter-channel environments of the continental margin. Due 
to the difference in processes of longitudinal-profile evolution between channels and inter-channel environments of 
the continental margins discussed previously, channels have a greater ability to produce and maintain high-smoothness 
profiles in the presence of tectonic deformation than the surrounding continental margin. Therefore:  
(1) The Coupled Evolution Model is likely applicable in passive settings (prograding, truncated, and diapiric), 
because due to the general absence of tectonic deformation, sedimentary processes are the dominant influence on 
longitudinal-profile smoothness of both continental margins and channels, both of which increase in proportion to 
sediment supply over time until they reach their respective graded profiles.  
The various passive-margin subclasses in this study correspond to distinct stages of development in the 
Coupled Evolution Model. Profiles associated with prograding systems are commonly Type 4 morphologies and, due 
to the fact that the continental margin and channel profiles are migrating basinward, are considered have achieved 
their equilibrium profiles. Accordingly, the profiles of prograding systems (e.g., Amazon, Danube) correspond to 
Coupled Evolution Model time steps t3 and t4 in Figure 2.13A.  
Profiles from truncated systems typically have Type 3 profiles morphologies of continental margins and 
channels, and show evidence of significant erosion (slide, slumps, mass failures), which are interpreted as systems 
undergoing the transition between O (oversteepened) and R (readjusted) profiles of the Coupled Evolution Model in 
Figure 2.13A. Truncated systems have experienced fluctuations in allogenic forcing that caused the continental margin 
and channel to become out of grade. For example, postglacial isostatic rebound on east coast of North America 
contributed to oversteepening of the continental-margin systems, which caused significant readjustment of both 
continental slope and channels by mass wasting, thus decreasing their respective smoothness values and the 
smoothness Δ (Poag, 1985). Accordingly, low smoothness values for continental margins and channels are common 
in this region, and these systems have smoothness Δ values close to zero (e.g., Verrill, Nygren), particularly those in 
areas with lower sediment supply. However, the areas associated with the highest sediment supply along this margin 
(e.g., Baltimore, Hudson, Norfolk) have the greatest channel-smoothness values and the larger smoothness Δ values, 
which is attributed to the increase rate at which the sedimentary gravity flows are smoothing the channels as compared 
to the continental margin.  
Diapiric margins develop more complicated sedimentary architectures compared to other passive margin 
styles (e.g., halokinetic sequences, Giles and Rowan, 2012; tectono-stratigraphy associated with salt- or shale-based 
detachments, Diegel et al., 1995); however, the morphologic evolution of these continental margins and channels may 
still generally follow the Coupled Evolution Model. While localized deformation may cause some locations within 
the systems longitudinal profile to temporarily become out of grade, with sufficient sediment supply, the long-term 
interaction of sedimentary processes and mobile substrates can produce continental margin and channel profiles with 
high smoothness (Olafirany et al., 2013; Vendeville, 2005; Prather et al., 2017). Indeed the diapiric systems in this 
study (Mississippi, Perdido) have continental margins and channels with high smoothness values consistent with t3 
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and t4 in the Coupled Evolution Model (Fig. 2.13A), and their data points fall along the trends for other passive 
margins regarding smoothness and sediment supply (Fig. 2.11).  
(2) The Decoupled Evolution Model is likely applicable in active tectonic settings (convergent, transform, 
and divergent margins), because tectonic deformation well counteract or even overpower the ability of sedimentary 
processes to increase profile smoothness of inter-channel regions of the continental margins than for channels.  This 
model is most applicable to settings where the ratio of influence of sedimentary processes (which increases 
smoothness) to tectonic influence (which decreases smoothness) on profile morphology is close to even for the 
continental margin and while the channel profile morphology is still predominantly influenced by sedimentary 
processes. As a result, the rate at which the channel develops smoothness and the magnitude of smoothness of its 
equilibrium profile are much greater than that of the continental margin (i.e., they are decoupled). The channel 
smoothness increases in proportion to the volume of sediment supply, while continental-margin smoothness increases 
only slightly at a slower rate or remains static (Fig. 2.11). Accordingly, the smoothness Δ increases rapidly and remains 
large even if the morphologies of both profiles reach their dynamic equilibrium. In an extreme case not represented in 
this model, the influence of tectonic deformation to decrease profile smoothness may overpower the ability of 
sedimentary processes to smooth the continental profile and the channel profile also, thus producing a decrease in 
profile smoothness of both though time.  
All three active-margin subcategories appear to fit the Decoupled Evolution Model, in that they generally 
have greater disparity between smoothness values and morphology type between continental margins and channels. 
This may be due to two characteristics common in each active-margin subcategory, specifically: limited continental-
shelf development (which promotes the efficient sediment transfer to submarine channels and, accordingly, accelerates 
the rate at which sedimentary processes increase channel smoothness), as well as tectonic deformation of the 
continental slope (which act to produce high gradients and, to varying degrees, will counteract the ability of 
sedimentary processes to smooth profiles of both continental margins and channels). Convergent settings show the 
most dramatic examples of decoupled continental-margin and channel profiles (e.g., Hikurangi, Bounty, Nitinat, 
Astoria, and Willapa). This is likely due in part to the high rates of uplift in the accretionary wedge and basin 
subsidence (i.e., tectonic deformation) in conjunction with high erosion rates in the terrestrial catchment (i.e., high 
sediment supply rates) that are typical of convergent margins (Hecht and Oguchi, 2017). Divergent and transform 
settings in this study generally fit the earlier stages of the Decoupled Evolution Model, where both the continental 
margin and the channel have low smoothness and the smoothness Δ is lower (t1-t2, Fig. 2.13B). Divergent settings 
typically evolve into passive margins through time, and the cessation of tectonic deformation in these locations will 
ultimately limit the development of a large smoothness Δ. Along transform margins, progressive lateral offset of 
sedimentary inputs relative to the basin is common and may reduce the ability of a channel to develop smoothness 
values significantly greater than the surrounding continental margin, thus limiting the development of a large value of 
smoothness Δ.  
We suggest that coevolution pathways described in the Coupled and Decoupled Evolution Models are more 
likely to occur on passive or active tectonic settings, respectively. However, it is likely that many of the coevolution 
pathways found in nature are intermediate (e.g., in smoothness Δ trends, maximum profile smoothness) to our 
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endmember models, and there is likely some degree of overlap between the coevolution pathways of tectonically 
active and passive settings. 
 
2.6 Conclusions 
Understanding the relationships between morphologies of submarine channels and surrounding continental 
margins as they coevolve toward their respective equilibrium profiles, as well as the influences of autogenic and 
allogenic factors, is critical to deciphering the sedimentary record of theses environments. Our study addresses how 
longitudinal profiles of continental margins and submarine channels mature toward equilibrium profiles with greater 
“smoothness” (a metric based on profile gradient) through the influence of sedimentary processes, while tectonic 
deformation acts to decrease profile smoothness.  
Generally, higher smoothness values occur in systems with larger sediment supply, and the smoothness of 
channels typically exceeds that of the associated continental margin. We propose that the high rates of erosion, bypass, 
and deposition via sediment gravity flows act to smooth and mature channel profiles more rapidly than the surrounding 
continental margin, which is dominated by less-energetic diffusive sedimentary processes. The relationship between 
sediment supply and the “smoothness Δ” (= channel smoothness - continental margin smoothness) differs between 
tectonically active and passive environments, which we attribute to differences in the relative ability of continental-
margin and channel sedimentary processes to smooth their respective profiles in the presence and absence of tectonic 
deformation. Because sedimentary processes of channels have a greater ability to drive increased profile smoothness 
than those of inter-channel areas, the relative impacts of tectonic deformation to counteract smoothness development 
will be greater for inter-channel areas than for channels, thus producing a larger smoothness Δ. Based on these 
observations, we propose the Coupled and Decoupled Evolution Models as endmember examples of how continental 
margins and channels coevolve toward their respective equilibrium profiles with increased sediment supply on either 
passive and active margins, respectively. These models provide a process-based explanation for the development of 
the unique sedimentary architectures typical of passive versus active margins.  
The trends identified in this study indicate that the interaction of the allogenic factors of sediment supply and 
tectonic deformation with the autogenic sedimentary processes characteristic of channelized and inter-channel regions 
of the continental margin may account for much of the variability between coevolution pathways of longitudinal 
profiles of submarine channels and associated continual margins on passive and active tectonic settings. 
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SUBMARINE LEVEE GROWTH PATTERNS: HOW TURBIDITY CURRENT PROPERTIES  




Submarine levees provide some of the most continuous records of sediment transport on continental margins; 
accordingly, levee deposits are an important resource in the investigation of earth history. Our integrated analysis of 
field data from submarine channel-levee systems and numerical modeling of sediment distribution by turbidity 
currents provides tools to help decipher the sedimentary complexities found in submarine levees. We developed an 
advection-settling model that reproduces the two-dimensional sedimentary characteristics (vertical and lateral fining 
and thinning of event beds) and wedge-shaped morphology considered typical of submarine levees. A reference (i.e., 
base-case) model run was compared to subsequent model runs in which input parameters were systematically varied: 
1) flow properties (velocity, thickness, sediment sizes, concentration, duration, recurrence), 2) antecedent topography 
adjacent to the channel, 3) channel kinematics (aggradation, incision, lateral migration), 4) antecedent topography 
adjacent to channels, and 5) applying flow properties that change between time steps (i.e., individual turbidity 
currents). The lessons learned from these basic model runs were applied to tune the model inputs to match published 
and new data collected for this study documenting sedimentary properties and morphologies of eight submarine levee 
deposits found on the modern sea floor (Petit-Rhone, Mississippi, Amazon, Niger Y) or outcrop (Juniper Ridge 
Conglomerate, Isaac Fm. channel 3, and Rosario Fm. internal and external levees). We predicted flow properties and 
channel dimensions, enabling better understanding of the development of these important sedimentary archives. This 
work provides tools to improve the interpretation and prediction of the sedimentary properties of submarine levee 
deposits, particularly from data-sparse settings like partial outcrop exposures or subsurface boreholes.  
 
3.2 Introduction  
Submarine levee deposits are excellent resources for deciphering earth’s depositional history because – due 
to high rates of sedimentation, stability though time, and limited erosion in these environments – they provide a highly 
detailed and relatively continuous sedimentary record from an environment influenced by both terrestrial and marine 
forcings (e.g., Buffington, 1952; McHargue and Webb, 1982; Kane et al., 2007; Dickinson and Gehrels, 2008; Morris 
et al., 2014, 2016; Hansen et al., 2015; Hubbard et al., 2020). The depositional complexity of submarine levee deposits 
has received considerably less investigation than submarine channel deposits and deposits associated with unconfined 
flows beyond channel terminations (i.e., lobe or sheet deposits). We use a numerical forward-stratigraphic model to 
investigate the development of submarine-levee architecture and how the distribution of sedimentary properties 
(particle-size and bed-thickness variability) are impacted by the properties of their formative flows and channel 
movements. 
Submarine levees are wedge-shaped deposits that develop adjacent to submarine channels (Buffington, 1952; 
Shepard, 1965; Damuth and Kumar, 1975; Normark, 1978). Based on their physiographic properties, these levees are 
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commonly divided into two categories: external levees (or ‘master-bounding levees’), which develop adjacent to 
channel belts, and internal levees and terraces (or ‘confined levees’), which develop adjacent to individual channels 
within a channel belt (Fig. 3.1) (e.g., Kane and Hodgson, 2011). Levee depositional models typically predict simple 
vertical (i.e., base-to-top) and lateral (i.e., channel proximal-to-distal) trends of decreasing bed thickness, grain size, 
and sand:mud ratio (Fig. 3.1) (e.g., Mutti, 1977; Schwenk et al., 2005; Dennielou et al., 2006; Kane and Hodgson, 
2011; McHargue et al., 2011; Morris et al., 2014; Hansen et al., 2015). The vertical stratigraphic trends are interpreted 
to be driven by increased confinement and reduced overspill of turbidity currents as the levee grows in conjunction 
with the vertical physical trends of velocity, shear stress, grain size, and sediment concentration within turbidity 
currents (Fig. 3.1) (e.g., Hiscott et al., 1997; Peakall et al., 2000; Jobe et al., 2017). 
 
  
Figure 3.1 – A) Simple model of a submarine levee developing with vertical and lateral trends of bed thinning and 
grain-size fining (represented by yellow to grey color). B) Diagrams illustrating how levee growth is influenced by 
the interactions of turbidity current properties of flow thickness, velocity, shear stress, and grain sizes (after Hansen 
et al., 2015). 
 
The lateral sedimentary trends in levee deposits are interpreted to be driven by particles settling within a 
turbidity current due to decreasing competence and sediment capacity of the flow as it expands laterally away from 
the channel (Dykstra et al., 2012; Hansen et al., 2015) and these trends have been confirmed using flume experiments 
(Mohrig et al., 2006; Kane et al., 2010; Cartigny et al., 2014; De Leeuw et al., 2016; Eggenhuisen et al., 2019). 
Additionally, as individual flows travel downslope, the sand:mud ratio of a flow will increase as flow stripping 
preferentially removes the finer-grain sediment suspended near the top of the flow and deposits it in overbank locations 
(Piper and Normark, 1983; Posamentier and Kolla, 2003; McHargue et al., 2011). The combined impacts of 
downstream coarsening of flows and progressive levee growth though time amplify the vertical grain-size fining trend 
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in levee deposits located in distal locations within submarine-fan systems (Brunt et al., 2013). However, many levee 
deposits are depositionally complex, with vertical and lateral trends that defy the simple conceptual models (Janocko 
et al., 2013). This study uses an advection-settling model – similar to one used by Straub et al. (2008) for predicting 
levee taper – to demonstrate how morphology and the distribution of particle size, bed thickness, and sand:mud ratio 
within levees will vary depending on flow parameters (e.g., velocity, particle-size distribution, flow thickness, 
concentration, initial channel relief), the antecedent topography adjacent to the channel, channel trajectories 
(aggradation, incision, and lateral migration), and changes in flow properties between flow events. 
We provide examples of how the model inputs can be tuned to recreate the documented morphology and 
sedimentary properties of modern and ancient levee deposits from previously published and newly presented data. 
The examples span a range of levee styles and model complexity: static channel location (Petit-Rhone levee), large 
external levees with aggrading and laterally migrating channels (Mississippi and Amazon levees), multiple stages of 
channel activity and channel aggradation/migration (Juniper Ridge Conglomerate and Isaac Formation channel 3 
levees), a levee developing onto preexisting topography (Niger Y-channel levee), and a system with both documented 
external and internal levees (Rosario Formation levees). These model results provide insight into the potential flow 
parameters and channel kinematics that produced the levee, as well as the two-dimensional (2-D) distribution of 
sedimentary properties along a transect lateral to the channel. These insights can aid in the interpretation and prediction 
of the sedimentary properties of submarine levee deposits from settings with sparse data, such as limited outcrop 
exposures or subsurface boreholes.  
 
3.3 Methods 
Our numerical model constructs 2-D representations of sedimentary properties and morphology of a 
submarine levee oriented perpendicular to one side of a channel (i.e., the channel margin) based on the initial 
topography, turbidity-current parameters, and channel kinematics (Fig. 3.2). All code used to construct these models 
was written in Matlab® and can be found in the Appendix. Levees are built by sediment overtopping the channel in 
successive turbidity-current events (Fig. 3.2B). In the model, vertical positions are documented in reference to the 
base of the initial channel and lateral positions are documented in reference to the channel margin (Fig. 3.2A). The 
model can incorporate channel kinematics, antecedent topography adjacent to the channel, and is capable of recreating 
internal and external levees (Fig. 3.2C). 
Our model accounts for lateral transport of sediment away form a channel in a fluid through advection with 
the vertical suspension of sediment within flows predicted using the diffusion-based Rouse equation (Rouse, 1939). 
This basic approach is commonly used for modeling growth of fluvial, deltaic, and submarine levees (Adams et al., 
2004; Filgueira-Rivera et al., 2007; Straub and Mohrig, 2008; Zinke et al., 2011). While Rouse modeling is an 
oversimplification of the complex dynamics of a turbidity current (e.g., Eggenhuisen et al., 2019), it is a tractable 
solution for this study, particularly when comparing model runs to ancient levees in which the flow-property inputs 




Figure 3.2 – The advection-settling model of levee growth: A) Diagram of model axes in black, vector variables in 
light blue, key morphologic locations in dark blue, and measurements in gray. B) Illustration of flow concentration 
and levee growth during three time steps (i.e., successive turbidity current events) of the advection-settling model 
(after Straub and Mohrig, 2008). C) Illustration of how channel trajectories and antecedent topography can be 
incorporated into the advection-settling model.  
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3.3.1 Governing Equations 
The basic advection-settling equation is used to determine the distance that a particle travels in a transporting 
fluid before it settles out of suspension (Straub and Mohrig, 2008):  
! = # $ !
"!
% (3.1) 
where ! is the distance particles are transported, # is the velocity of the flow, z is the initial height the particle is 
suspended within a flow, and w# is the particle settling velocity. Sedimentation rates can be calculated using the 
expression (Parker et al., 1987): 
$%
$&
=	)' ∗ +() (3.2) 
where , is bed elevation, - is time, and +() is near-bed sediment concentration. It is important to note that this 
approach does not account for bedload transport or post-depositional erosion. This simplified approach is preferable 
due to the lack of documentation of rates of bedload transport and erosion in submarine levee environments.  
To estimate the height and volume at which a particular grain size will exist within a turbidity current, a 
vertical sediment concentration profile is calculated using the following equation (Rouse, 1939): 







where +. is the particle concentration at a given height above the base of the flow (.), +/ is a given particle 





which utilizes the von Karman constant (6) set to 0.4 (see Gaudio et al., 2010) and shear velocity (7∗): 
7∗ = 8+4		79 (3.5) 
where +4 is the friction coefficient, which is held constant at 0.003 (Garcia, 1994), and 79	is depth-averaged velocity. 
Physical modeling of turbidity currents in flumes demonstrated that the Rouse equation can accurately model the 
concentration profiles of coarser-grained sediment (i.e., sand), but is less accurate when predicting those of finer-
grained sediment (i.e., silt-clay) and particularly near the top of the turbidity currents (Eggenhuisen et al., 2019). 
 
3.3.2 Equations Applied In Our Model 
The governing equations were modified in this study to allow for a range of grain sizes to be suspended in 
an individual flow and to account for sediment accumulation at numerous locations perpendicular to the channel. The 
individual grain sizes (:) included in a flow can be chosen manually or calculated based on a normal distribution using 
methods discussed below. The individual locations (y) where sediment is accumulation is accounted for along a 
transect perpendicular to the channel margin are chosen manually and can be evenly or irregularly spaced. 
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Accordingly, equation (3.2) was modified to: 
$%
$&
= ∑ ()'5 ∗ +()5)5   (3.6) 
where w#	for each : is calculated using equation (4) from Ferguson and Church (2004) in which all particles are 
assumed to have the same density as quartz (specific gravity of 2.65 g/cm2), and C678 is calculated individually for 
each	: value at each location (y) using the following modification of equation (3.3): 
+()59 = +: 0*+,%,% $ ,"*+,"%1
-
(3.7) 
where z. is the reference elevation representing possible field-scale roughness elements (z. = 0.8 m) (Straub and 
Mohrig, 2008) and z; is the vertical position within the flow at the channel margin (i.e., channel-levee interface) that 
contributes suspended sediment to the levee surface at a distance (y) from the channel margin. This distance is 
calculated using a modification of the advections-settling expression equation (3.1): 
 .9 = )' 	 9<9 + .=> (3.8) 
where .=> is the relief of the confining channel-levee, and U; is the fluid velocity perpendicular to the channel, which 
is calculated either as a constant value using equation (3.9) (Parsons and Garcia, 1998) or variable and dependent on 
channel relief using equation (3.10) Mohrig and Buttles (2007): 
#9 = 0.43 ∗	#? (3.9) 
<%
<&
= 0.60D+@.BC(,'( *⁄ ) (3.10) 
where UG is the downstream velocity of the transporting fluid and .HI is the channel relief. Equation (3.9) is based on 
relationships between lateral velocity of an unconfined flow in relation to the downslope directed velocity (Parsons 
and Garcia, 1998). Equation (3.10) is based on empirical observations presented by Mohrig and Buttles (2007) in 
which U; varies in proportion to how much of the flow thickness is confined by the channel. Straub and Mohrig (2008) 
proposed both equation (3.9) and (3.10) for use in modeling submarine levee development, and they found only minor 
differences in model results using either equation.  
The shear velocity equation (3.5) requires a depth-averaged velocity (79) for turbidity currents and we 
empirically estimate 79	to be ~60-80% of the maximum velocity within the vertical velocity profile of the flow based 
on velocity profiles of turbidity currents assembled by Xu (2010) and Stagnaro and Pittaluga (2014). The maximum 
velocities at which turbidity currents travel is highly variable based on field measurements, which range from >19 m/s 
to <1 m/s  (Talling et al., 2013). Our model applied maximum velocity values of 3-4 m/s, which are well within the 
range of all field documented values and are toward the upper end of values from recent time-transgressive 
documentation of maximum velocities of turbidity currents (Azpiroz-Zabala et al., 2017; Simmons et al., 2020; 
Vendettuoli et al., 2020). 
The range of particle sizes included in an individual flow can be selected manually or calculated using a 
normal distribution with a specified number of particle sizes (typically n = 1000), median, and standard deviation, 
which is truncated to remove values below Dmin (set to 0.1 microns). It is important to note that when the values <Dmin 
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are removed, the median and standard deviation of the final particle-size distribution will differ (at times significantly) 
from the original input values. 
Both field and experimental measurements of turbidity currents show that particle concentrations vary 
between flows and evolve through the duration of an individual flow (Talling et al., 2013; Azpiroz-Zabala et al., 2017). 
To reduce complexity in our model, Ca was chosen as a constant value (typically 0.05 cm3/cm3) within a reasonable 
range of depth averaged concentrations, which are considered to be <<0.09 cm3/cm3 and commonly <<0.05 cm3/cm3 
for sustained turbidity flows (Mulder and Alexander, 2001; Talling et al., 2013). However, physical modeling indicates 
that the concentrations of high-density turbidity currents can exceed 0.4 cm3/cm3  (Kuenen, 1966; Middleton, 1966; 
Mulder and Alexander, 2001). For our initial model runs Ca of 0.05 cm3/cm3 and za of 0.8 m, which is a reasonable 
height for surface roughness caused by sedimentary bedform and erosion features, which have a range of >1m to 10s 
of meters in relief within a submarine channel (e.g., Carvajal et al., 2017; Vendettuoli et al., 2019).  
 
3.3.3 Design and Operation of Individual Model Runs 
Flow properties at each time step --- Model runs can be configured to have consistent or variable flow 
properties between successive time steps. When variable flow properties are implemented, a normal distribution is 
selected by defining a mean and standard deviation for properties dt, H, Ux, Uy, and D; at each time step nt. These 
distributions are sampled with replacement to obtain flow properties for that time step. 
Time steps --- Each model run requires the designation of number of time steps (nt) and duration of each time 
step (dt). Each time step represents a turbidity current event, and the values of these variables will alter the properties 
of the resultant levee. Model runs with larger nt values are representative of levees that have experienced more 
turbidity current events, and the nt value is not directly representative of the total time over which the levee developed. 
Longer time steps (dt) are representative of turbidity current events with longer durations, which will produce levees 
with steeper tapers. Because the coarsest sediment that escapes the channel is preferentially deposited in the proximal 
portion of the levee due to advection settling (Fig. 3.2B), models with larger dt values will produce levees with greater 
thickness and taper. The impacts of larger dt values is greatest at early time steps when the levee has not yet built up 
to a height that confines a portion of the coarsest grain sizes. The ratio of Ca and dt is more important than their values, 
because this ratio controls how much sediment is deposited at a given time step. 
Channel kinematics --- The model can incorporate various vectors of channel trajectory (c.f., Jobe et al., 
2016), including aggradation, incision, and lateral migration towards or away from the levee location at a given time 
step (Fig. 3.2 C). Channel trajectory can be applied at designated time steps or between each time step. Also, a single 
time step can include a combination of vertical and lateral channel migration. 
Antecedent topography --- The topography adjacent to the channel affects the sediment accumulation and the 
distribution of levee properties in the model realization (Straub et al., 2008; Hodgson et al., 2016). The model runs 
start with a specified initial channel relief (all other aspects of the channel morphology are not considered) below the 
surface upon which the levee will develop (Fig. 3.2C). The surface upon which the levee grows can be flat or modified 
to reflect antecedent topography from a measured cross-sectional profile, and interactions of flow events with 
topography adjacent to the channel impact the properties of the modeled levee deposits (Fig. 3.2C). 
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Simplifications applied in our model --- This model is an intentional simplification of how turbidity currents 
interact with and impact levee growth, notably: 1) it does not consider the impacts of three-dimensional channel 
morphology on the flow; 2) the model keeps velocity constant in the downstream and lateral directions throughout the 
course of a single time step to minimize the model complexity; however, documented turbidity currents show 
variability in flow properties though time (e.g., Azpiroz-Zabala et al., 2017); 3) sediment is only eroded by channel 
movements, and there is no erosion, bedload transport, or remobilization of sediment by overbank flows, even though 
this has been commonly documented (e.g., Migeon et al., 2000; Fildani et al., 2006; Campion et al., 2011), 4) channel 
evolution occurs as discrete movements at specific time steps in the model, whereas submarine channels commonly 
experience more complex kinematic evolution (e.g., Maier et al., 2013; Jobe et al., 2016). These simplifications avoid 
inclusion of poorly constrained aspects of levee growth into the model, reduces the computation time of individual 
model runs, and allows for isolation and investigation of the impacts of individual inputs parameters (i.e., turbidity 
current properties). The impacts these simplifications have on the ability of our model to recreate levee development 
in nature are addressed in the Discussion. 
Model evaluation --- Model runs are investigated with respect to the 2-D levee morphology (thickness and 
taper) and properties of individual event beds that result from time steps (including: thickness, taper, particle size 
composition, as well as their vertical and lateral trends). Levee taper has been extensively investigated (e.g., Skene et 
al., 2002; Birman et al., 2009; Nakajima and Kneller, 2013) and is defined here as the change in deposit thickness 
over some specified distance measured at a right angle to the local direction of the channel centerline (c.f., Straub and 
Mohrig, 2008). The levee properties produced by model runs can be extracted and displayed as 2-D cross-sections or 
as vertical logs from any location in the model. The extracted properties used in this study include grain size (D10-50-
90), bed thickness, and sand:mud ratio within each event bed. 
 
3.3.4 Modern and Outcrop Levee Data 
We collected new data and assembled published data on levee morphology, grain size, bed thickness, and 
sand:mud ratios from eight levees in seven locations. New data collected for this study consists of graphic logs of 
levees and Laser Particle Size Analysis (LPSA) from associated sediment samples from the Mississippi levee (Stelting 
and DSDP Leg 96 Shipboard Scientists, 1985; Bouma et al., 1986) and Rosario Formation external and internal levees 
(Kane et al., 2007, 2009). Samples for LPSA were collected from a Mississippi levee core (IODP Core 617) stored at 
the International Ocean Discovery Program (IODP) Gulf Coast Repository (http://www.iodp.org/) in College Station, 
Texas and from the external and internal levee outcrops from the Rosario Formation at Canyon San Fernando, Baja 
California, Mexico. We sampled the bases of the thickest beds identified at approximately evenly spaced increments 
which varied between location from 1-5 m of either core depth or stratigraphic height in the outcrop. This approach 
was designed to document how the coarsest sediment fraction of event beds changes vertically in the levees. We 
conducted LPSA of 60 samples on a Malvern 3000 Mastersizer at the Environmental Analytical Lab at Montana State 
University (http://www.montana.edu/eal-lres/) using methods described in Fildani et al. (2018).  
Previously published documentation of the morphology and sedimentary properties from six additional 
levees are also investigated in this study: Petit-Rhone levee data from Dennielou et al., 2006; Amazon levee data from 
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Hiscott et al., (1997), Manley et al. (1997), Pirmez et al. (1997), and Lopez (2001); Juniper Ridge Conglomerate levee 
data from Hickson and Lowe (2002); Isaac Formation channel 3 levee data from Khan and Arnott (2011); and Niger 
Delta Y-channel levee data from Jobe et al. (2015, 2017). 
 
3.4 Results from the Reference and Basic Model Runs 
 
3.4.1 Reference Levee Model Run 
We established a reference (i.e., base case) model run using input parameters within the normal range of 
documented flows and a static channel location (Fig. 3.3). The key input parameters for the model run are listed in 
Table 3.1 (See the Appendix for full input parameters). The reference model produces a levee that is characteristic of 
the typical submarine levee sedimentary model, including: wedge shape deposit tapering away from the channel, as 
well as sedimentary trends of decreasing sand:mud ratios, thinning of beds, and fining of sediment grain size both 
vertically though the deposit and laterally away from the channel. The reference model run begins with a flat surface 
adjacent to the channel upon which the levee builds. At early time steps, the channel relief is low, and thus allows the 
coarser sediment concentrated near the base of the flow to spill from the channel into the levee. Successive deposition 
events eventually build the levee crest to a height at which the coarsest sediment can no longer escape the channel 
(Figs. 3.1B, 3.2). The vertical sedimentary trends in Fig. 3.3 demonstrate the feedback between levee growth and flow 
confinement, in that increased confinement of the flow progressively limits the portion of the turbidity current capable 
of contributing to levee growth to the upper portion of the flow, which slows the rate of levee growth and flow 
confinement for successive time steps. The wedge shape and lateral sedimentary trends in the levee deposits are the 
product of reduced sediment concentration and grain sizes vertically in the turbidity current flow profile in 
combination with particle settling velocity (ws) and lateral flow velocity (Uy). Sediment accumulation at locations 
more distal from the channel are sourced from sediments entrained higher in the flow, which have lower concentrations 
and finer grain sizes than lower in the flow (Fig. 3.1). By comparing the reference model to successive model runs in 
which an individual flow parameters are varied, antecedent topography is added, or systematic channel kinematics are 
applied (Table 3.1), we can observe how these input variables affect levee properties (Fig. 3.3).  
 
3.4.2 How Flow Properties Impact Model Runs 
We used a series of model runs in which we altered an individual model input parameters related to turbidity 
current flow properties (Table 3.1) to test their impact on resultant levee morphology and sedimentary properties, and 
the results are summarized in Table 3.2. Key observations made from these results include: 1) Increased particle size 
within the flow will increase the rate of settling proximal to the levee and accordingly reduces the lateral distance over 
which suspended sediment is transported from the channel into the levee. Model runs using flows with coarser grain-
size distributions result in thicker levees with greater taper (Fig. 3.4B) in comparison to the reference model run (Fig. 
3.4A). Alternatively, a smaller particle-size distribution results in thinner levees with less taper (Fig. 3.4C) in 
comparison to the reference model run (Fig. 3.4A). This relationship was previously documented by Straub and 
Mohrig (2008). 2) Increased flow velocity will increase the distance over which a suspended particle will travel
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Table 3.1 – Model input parameters for basic levee runs  
Model input parameters 
D - medium 
(Ref. run) 












    
  
  
Fig. 3.3, 3.4A, 
3.6A 
Fig. 3.4B Fig. 3.4C Fig. 3.4D Fig. 3.4E Fig. 
3.4F 
Fig. 3.4G Fig. 3.6B 
flow events 
nt (sec.) 1000 1000 1000 1000 1000 1000 1000 1000 
dt 150 150 150 150 150 150 150 mean = 150 
                  sd = 150 
                    
flow thickness H (m) 50 50 50 50 50 50 50 mean = 50 
                  sd = 5 
                    
grain sizes in 
flow 
D calculated once once once once once once once each dt 
Dmin (um) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Dmean (um) 1 1 1 1 1 1 1 1 
Dsd (um) 90 100 70 90 90 90 90 90 
nD 1000 1000 1000 1000 1000 1000 1000 1000 
                    
flow velocity 
Ux (m/sec.) 3 3 3 3 3 3 3 3 
Uy (m/sec.) 
Eq. 9 Eq. 9 Eq. 9 Eq. 9 Eq. 9 Eq. 9 Eq. 9 Eq. 9 
constant constant constant constant constant constant constant constant 
                    
flow 
concentration 
Ca (cm3/cm3) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
za (m) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
                    
channel relief Zlc (m) 5 5 6 5 5 5 5 5 
                    
lateral channel 
movement (m) 
  none none none none none none 200 m none 
              every 100 dt   
                    
                    
vertical channel 
movement (m)* 
  none none none none 0.02 m -0.02 m none none 
          each dt each dt     









Table 3.2 – Impacts of increased model input parameters on levee properties 
Model parameters 
increased 
Changes in levee properties compared to the reference model run 
D vertical fining lateral fining taper thickness 
              
flow events 
nt decrease increase increase increase increase 
dt increase increase increase increase increase 
    
     
flow thickness H increase decrease decrease decrease increase 
    
     
grain size 
in flow 
Dmin increase increase increase increase increase 
Dmean increase increase increase increase increase 
Dsd increase increase increase increase increase 
    
     
flow velocity 
Ux increase decrease decrease decrease increase 
Uy increase decrease decrease decrease increase 
    
     
flow 
concentration 
Ca increase increase increase increase increase 
za increase increase increase increase increase 
    
     
channel relief Zlc decrease decrease decrease decrease decrease 
    
     
lateral channel 
 movement 
toward decrease decrease/inverse increase decrease decrease 
away decrease increase increase decrease decrease 
    
     
vertical channel 
movements 
aggrade increase decrease decrease increase increase 
incise decrease increase increase decrease decrease 
              














Figure 3.3 – Reference model run: Two-dimensional realization of the reference model run showing morphology, D50 
grain size of each bed, and black lines showing the levee surfaces at evenly spaced time steps (Top). Profiles of 
extracted sedimentary properties including D10-50-90 grain size, sand and mud bed thickness, and sand:mud ratio from 
three locations (gray arrows) on the levee (Bottom). Note the decreasing grain size, bed thickness, and sand:mud ratio 














Figure 3.4 – Model runs showing impacts of various model input parameters: A) reference (i.e., base-case) model run, 
B) model run with coarser partial sizes in the flow as compared to the reference model run, C) model run with finer 
partial sizes in the flow as compared to the reference model run, D) model run with same flow properties as the 
reference model run and unique antecedent topography on either side of the channel. Model runs with channel 
movements of E) aggradation, F) incision, and G) lateral migration each have the same flow properties as the reference 
model run. Note the variability in morphology and sediment composition between model runs in Parts B-G in 
comparison to the reference model in Part A (e.g., coarsening upwards in the left-side levee in Part E created by 
channel movements). Black lines are drawn at an evenly spaced time steps, and red arrows show channel trajectories. 







before being deposited. This results in thinner levee crests and wider levees with lower rates of lateral fining and less 
taper. This is an intuitive result when considering that higher flow velocity will carry sediment further from the channel 
during advection settling. 3) Greater flow thickness increases the width of levees and decreases the rate of vertical and 
lateral particle-size fining within the deposit, which is also caused by the longer distances traveled by grains before 
they settle out of suspension (Fig. 3.2). 4) Higher values of either the reference concentration or reference height (the 
input parameters for the Rouse profile) result in greater sediment volumes overall and at higher elevations in the flow, 
which causes increased sedimentation rates, thicknesses of levee crest, and levee taper. 5) The initial channel relief 
determines the portion of the flow that is confined in the channel and the portion that will escape the channel and be 
available for deposition in the levee (Mohrig et al., 2006; Straub et al., 2008). Choosing a lower initial channel relief 
results in levees with coarser particle composition, greater levee crest thickness, and higher taper. When the initial 
channel relief is very low in comparison to the flow thickness (i.e., when there is almost no confinement) the resultant 
beds have significantly coarser and thicker deposits that resemble HARPs (high-amplitude reflection packages) (Flood 
et al., 1991), which have been interpreted as lobe deposits accumulating beyond the channel termination (Lopez, 
2001). Alternatively, when initial channel relief is high compared to the flow thickness (i.e., there is almost complete 
confinement of even the initial flows), the resulting levees are finer-grained and thinner. The initial time steps of a 
model run typically have the largest impact on levee taper when the flows are relatively unconfined. The resultant 
levee deposits include sediment contributions from the lower portions of the flow, which have higher concentrations 
and coarser grains than the upper portions of the flow. 
Table 3.2 shows how the magnitude of individual flow properties can be selected to produce desired 
sedimentary or morphologic property of the resultant levee. For example, Figure 3.5 shows how several different 
model input parameters can be varied to impact the taper of the levee deposit. Additionally, each input property 
impacts a variety of properties of the resultant levee. For example, while increasing either the number of time steps or 
the duration of the time steps will increase the taper of the levee, the former will decrease the average grain size of the 
levee, while the latter will increase the average grain size. It is important to mention that it may be possible to produce 
the same levee architecture using multiple combinations of input parameters (i.e., model results may be nonunique). 
For example, a thinner and finer-grained levee than the reference model (Figs. 3.3, 3.4A) run can be generated by 
using a finer grain-size distribution (Fig. 3.4C) or by increasing initial channel relief. This model allows us to explore 
the linked dynamics between the channel and the levee.  
 
3.4.3 How Antecedent Topography Impacts Model Runs 
The model was designed to accept inputs of topography adjacent to the channel prior to levee development. 
This antecedent topography affects the distribution of sediment in the growing levee by impacting the advection 
settling distance (i.e., how far a particles will travel before being deposited). The flow properties in the antecedent 
topography model run match those of the reference model (Table 3.1). The left and right side of Figure 3.4D provide 
examples of how variable antecedent topography impacts levee geometry and architecture. Increased height of the 
antecedent topography at locations adjacent to the channel (Fig. 3.4D) will reduce both the thickness and grain size of 
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the levee deposits that accumulate there as compared to the reference model run (Fig. 3.4A), because sediment 
deposited at locations with greater elevation are sourced from higher in the turbidity current.  
 
Figure 3.5 – Illustration showing how model input parameters impact the taper of the resultant levee in a model run. 
This demonstrates how several model input properties can affect a single property of the resultant levee deposit 
 
3.4.4 How Channel Movements Impact Model Runs  
The numerical model was used to simulate the impacts of channel kinematics (i.e., static channel location 
verses simple lateral or vertical channel movements) on levee architecture and sedimentary properties while 
developing due to successive time steps (i.e., turbidity current events) with all other model input properties equivalent 
to those of the reference model run (Table 3.1). Channel movements change the relief of the confining levee and/or 
the horizontal distance from the channel to locations perpendicular to the channel (Fig. 3.2C). Since these are 
important factors controlling sediment deposition on the levee due to advection settling, channel kinematics will alter 
how the levee deposits will develop in all subsequent time steps. The model results (Figs. 3.4E-G) illustrate how 
channel kinematics impact levee architecture and D50 grain size.  
The aggrading channel example (Fig. 3.4E) produced a levee with increased average grain size, decreased 
vertical and lateral fining, increased taper, and increased levee crest thickness when compared to the reference model 
(Fig. 3.4A). Channel aggradation reduces the channel relief at successive time steps; therefore, a greater portion of the 
coarser grain sizes and higher concentrations found in the lower portion of the flow (see Fig. 3.1) will contribute to 
levee growth in an aggrading channel than in the reference model run. The magnitude of the differences between the 
static channel (i.e., reference model; Fig. 3.4A) and aggrading channel model runs (Fig. 3.4E) is caused by the 
relationship between channel aggradation and levee crest growth. If the rate of aggradation is low relative to the 
vertical levee-crest growth, the impacts will be minimal until a later time step in levee evolution when growth of the 
levee crest is close to the aggradation rate, after which the channel aggradation and levee growth will reach an 
equilibrium and each time step will produce the same deposit. If the rate of channel aggradation is very high in 
proportion to levee-crest growth, the model will reach a point where the channel will not confine any of the flow and 
the entire flow will contribute to levee growth in all successive time steps.  
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Table 3.3 – Model input parameters for matching levee properties 



























Fig. 3.15A Fig. 3.15B 
flow events 
nt (sec.) 400 2250 4000 600 240 175 1600 60 
dt 
800 1500 3000 500 2000 600 1700 1700 
sd = 0 sd = 0 sd = 0 sd = 500 sd = 0 sd = 600 sd = 850 sd = 850 
          
flow thickness 
Hmean (m) 45 75 75 70 60 100 100 100 
Hsd (m) 5 5 25 15 10 25 10 10 
 
         
grain sizes 
in flow 
D calculated each dt each dt each dt each dt each dt each dt each dt each dt 
Dmin (um) 0 0 0 0 0 0 0 0 
Dmean (um) 1 0.1 1 0.1 1 0.1 0.1 0.1 
Dsd (um) 85 65 50 65 70 65 65 65 
nD 1000 1000 1000 1000 1000 1000 1000 1000 
          
flow velocity 
Ux (m/sec.) 3.5 4 4 4 4 4 4 4 
Uy (m/sec.) 
Eq. 9 Eq. 9 Eq. 9 Eq. 10 Eq. 10 Eq. 10 Eq. 9 Eq. 9 
constant constant constant variable variable variable constant constant 
  
        
flow 
concentration 
Ca (cm3/cm3) 0.05 0.03 0.03 0.05 0.05 0.05 0.05 0.05 
za (m) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
 
         
channel relief Zlc (m) 5 5 10 5 5 5 5 5 
          
lateral channel 
movement 
total (m)* 0 -775 -2950 1000 450 0 -2000 0 
time steps 0 [10:10:2500] [67:67:4000] [30:30:150] [80,150,239] 0 [400:120:1500] 0 
magnitude (m)* 0 increasing increasing 200 150 0 -200 0 
 
         
vertical channel 
movement 
total (m)** 0 250 360 15 45 0 224 0 




magnitude (m)** 0 increasing 0.9 0.075 15 0 0.45; 5 0 
* Positive numbers = channel movement away from the levee; negative numbers = channel movement toward from the levee. 




The incising channel example (Fig. 3.4F) produced a levee with decreased average grain size, increased 
vertical and lateral fining, decreased taper, and decreased levee crest thickness compared to the reference model (Fig. 
3.4A). Channel incision increases the rate of development of channel relief between time steps. Due to the vertical 
concentration and grain-size properties in the flow (Fig. 3.1), a continually incising channel (Fig. 3.4F) produces a 
thinner levee deposit with more rapid rates of vertical fining and bed thinning than in the reference model (Fig. 3.4A). 
Channel incision reduces the number of time steps it takes until the flow height is less than channel relief, at this point 
the flow is fully confined within the channel and levee growth will not occur at successive time steps. 
The models with lateral channel movements were produced with periodic channel movements occurring at 
intervals of a consistent number of time steps. The example of a levee with a laterally approaching channel (Fig. 3.4G, 
left side) produced a levee with decreased average grain size, reduced to inverted vertical fining (i.e., vertical 
coarsening), increased lateral fining, decreased taper, and decreased levee crest thickness compared to the reference 
model (Fig. 3.4A). When the channel movements occur in this model, the proximal portion of the levee – which 
includes the levee crest along with the portion of the levee that is the thickest and has the coarsest grain size – is eroded 
away, which reduces the amount of flow that is confined within the channel in future time steps, and due to the vertical 
concentration and grain sizes trends in the flow, allows for greater sediment volumes and coarser grain sizes to be 
deposited at future time steps. The combination of erosion of the proximal levee deposits, which contain the coarsest 
portion of the laterally-fining beds, and reduced confinement of the flow caused by the channel movements into the 
levee produce a vertical coarsening trend at the levee crest (Fig. 3.4G). Due to the lateral fining present in all levee 
beds and because the amount of the proximal portions of individual beds removed by channel erosion decreases 
vertically, the vertical coarsening trend is greatest at the levee crest and progressively decreases in magnitude with 
distance from the levee crest until it eventually switches to a vertical fining trend (Fig. 3.4G). The rate of lateral 
channel migration affects the vertical grain size trends in that high rates of lateral migration can produce vertical 
coarsening trends, while lower rates of lateral migration may produce vertical fining trends, but this trend will always 
have a lower fining rate than the reference model. 
The example of a levee with a laterally retreating channel (Fig 3.4G, right side) produces both an external 
levee and a complex series of internal levees. The external levee on the right side of Figure 3.4G has decreased average 
grain size, increased vertical and increased lateral fining, decreased taper, and decreased levee crest thickness 
compared to the reference model (Fig. 3.4A). The internal levees from the right side of Figure 3.4G have coarser 
average grain sizes than the associated external levee. There is an abrupt drop in particle size and bed thickness at the 
location of the external levee crest following each channel movement due to an increased distance between it and the 
channel margin, but there is a reduction in the magnitude of these impacts for each successive channel movement. 
This results in a vertical particle size and bed thickness trends that are stepped and reduces more rapidly than the static 
channel. The relationships between lateral channel movements and morphology and sedimentary trends in levees 
observed in the modeled levees of Figure 3.4G are also documented in nature (Barton, 1997; Babonneau et al., 2002, 
2004, 2010; Jobe et al., 2017). 
The model realizations in Figure 3.4E-G demonstrate how channel movements affect the magnitude and rate 
of vertical and lateral particle-size and bed-thickness trends in levees and that, in more extreme cases, can even produce 
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inverted (coarsening and thickening upward) vertical trends that defy the traditional models of levee development, but 
are observed in nature (e.g., Barton, 1997; Hickson and Lowe, 2002; Hubbard et al., 2014, 2020). The magnitude to 
which channel movements affect these properties decreases as the flow confinement increases, because the lower 
portions of the flow, which is where the greatest variability in grain size and concentration is found, can no longer 
contribute to the levee. Accordingly, large, highly-developed external levees are less likely to experience significant 
swings in bed thickness and particle size compared to small internal levees the confine a smaller portion of the flow – 
this is consistent with observations from natural submarine systems (Hansen et al., 2015). 
 
3.4.5 How Variable Flow Properties Impact Model Runs 
Model runs with consistent flow properties between time steps produce levees with systematically evolving 
properties between successive deposits because, as confinement of the flow increases, locations lateral to the channel 
are progressive sourcing sediment from higher portions of the Rouse profile (e.g., Fig. 3.2B, 3.6A). The levee 
architecture can be modified by changing the flow properties for all time steps collectively (e.g., model results shown 
in Fig. 3.4A-C). However, applying variability in flow properties (flow duration, participle-size composition, 
thickness, and velocity) between time steps of levee growth produces deposits with some irregularity or stochasticity 
within the vertical and lateral sedimentary trends (Fig. 3.6B). This approach produces model realizations that still 
conform to the typical vertical and lateral trends in levee properties, albeit with more heterogeneity, which better 
aligns with properties documented in modern and outcrop levee deposits (e.g., Kane and Hodgson, 2011; Hansen et 
al., 2015) in addition to flow monitoring studies (e.g., Azpiroz-Zabala et al., 2017). 
 
3.5 Reproducing Levee Properties from Outcrop and Core Data 
In order to explore how levee architecture is affected by flow properties and other levee boundary conditions, 
we utilize the advection settling model to reproduce documented levee properties from the modern-seafloor (Petit-
Rhone, Mississippi, Amazon, Niger Y-channel systems) and outcrops (Juniper Ridge Cgl., Issac Fm., Rosario Fm. 
internal and external levees). The effectiveness of each model run in recreating the documented levee morphology 
and sedimentary properties is evaluated using 2-D sedimentary profiles of D50 grain size and extracted vertical profiles 
of grain size, bed thickness, and sand:mud ratios at locations in the model equivalent to the data collection points in 
levee deposits. 
The documented levee data (Fig. 3.7) and results from model runs (Fig. 3.8 and 3.9) for six levee examples 
are presented in relative order of simple-to-complex levee architecture and sedimentary properties: 1) Petit-Rhone 
levee data document a simple vertical fining succession and static channel location (Fig. 3.7A, 3.8A, 3.9A); 2) 
Mississippi levee data document a large external levee associated with a sand and gravel filled channel that has 
undergone aggradation and lateral migration (Fig. 3.7B, 3.8B, 3.9B); 3) Amazon levee data document a large external 
levee with sandy channel fill (Fig. 3.7C, 3.8C, 3.9C);  4) Juniper Ridge Conglomerate levee data document complex 
sedimentary patterns associated with a conglomerate filled channel that has undergone compound aggradation and 







Figure 3.6 – Advection settling models comparing the levee properties from the reference model run with consistent 
flow properties A) to a model run that has variable flow parameters between time steps B). Levee deposit properties 
of grain size, sand and mud bed thickness, and sand:mud ratios are extracted from three locations from each model 
run. The model in which flow properties are varied between time steps produced greater stochasticity in levee deposit 
properties, but maintained the basic trends observed in the model with consistent flow properties between time steps. 























Figure 3.7 – Documented levee properties: A) Petit-Rhone channel-levee seismic interpretation, grain size from the 
base of event beds, sand bed thickness, and sand:mud ratio from core MD99-2344 (from Dennielou et al., 2006); B) 
Mississippi seismic data (Bouma et al., 1986) and interpretation (after Stelting et al., 1985), grain-size data from the 
base of event beds, sand bed thickness, and sand:mud ratio for IODP core 617 (this study); C) Amazon seismic 
interpretation (after Lopez, 2001), grain-size data (from Hiscott et al., 1997; Manley et al., 1997), sand bed thickness, 
and sand:mud ratio from IODP core 931 (Pirmez et al., 1997). D) Juniper Ridge Conglomerate outcrop interpretation 
and sand:mud ratios from a 20-bed moving average from measured sections (redrawn from Hickson and Lowe, 2002); 
E) Isaac Fm. channel 3 outcrop interpretation, sand bed thickness, and net sandstone % (modified from Khan and 
Arnott, 2011); F) Niger Y-channel levee seismic interpretation with locations of cores g7, g9, and g10 (modified from 
Jobe et al., 2015), as well as plots of grain-size, sand bed thickness, and sand:mud ratio data from core g9 (from Jobe 















Figure 3.8 – Advection settling model realizations showing two-dimensional levee architecture and grain-size with 
black lines marking the surface of deposits from evenly spaced time steps. A) Petit-Rhone, B) Mississippi, C) Amazon, 
D) Juniper Ridge Cgl., E) Isaac Fm. channel 3, and F) Niger Y-channel. Red lines mark locations where model 
properties where extracted levee for Figure 3.9. Note that color bars differ between examples and are set to highlight 
variability in each levee. White lines in Parts D and E mark surfaces following major lateral channel movements. 






Figure 3.9 – Plots of extracted sedimentary properties including grain-size data, sand and mud bed thickness, and 
sand:mud ratio from model realizations in Figure 3.8: A) Petit-Rhone, B) Mississippi, C) Amazon, D) Juniper Ridge 
Conglomerate, D) Isaac 3 channel 3, and F) Niger Y-channel levees. Compare these plots to the documented levee 
properties in Figures 3.7.   
64 
 
deposits associated with channel aggradation and lateral maigration (Fig. 3.7E, 3.8E, 3.9E); and 6) Niger Y-channel 
levee data documents an incised channel with internal levees (Fig. 7F, 8F, 9F). The final two examples are from the 
Rosario Formation (Fig. 3.10) and include new data for an external levee (Fig. 3.11, 3.12) and related internal levees 
(Fig. 3.13). Because these two levee types likely developed in parallel within the same system, these model runs are 
evaluated together (Fig. 3.14). 
These model runs used to create these levee examples use various combinations of flow properties and 
channel movements to produce realistic realizations of 2-D levee properties. The input model parameters used to 
reproduce levee properties for each example (Table 3.3) were chosen by including any known properties of the 
formative flows and initial channel-margin topography, then running successive model iterations and tuning the model 
parameters to improve the match between known deposit properties and those of the model realization. Documented 
variability between successive turbidity flows in a single channel-levee system as well as documented stochasticity 
between successive turbiditie beds (e.g., Xu et al., 2004; Hughes Clarke, 2016; Jobe et al., 2018) supports use of the 
approach demonstrated in Figure 3.6B, in which the values of dt, H, and D are varied between time step (i.e., flow 
event) in order to reproduce some of the stochasticity in sedimentary properties documented in the levee.  
The following sections provided detailed descriptions of the data, key model input parameters, and an 
evaluation of the effectiveness of model runs recreating each of the levee systems investigated in this study: 
 
3.5.1 Petit-Rhone Levee 
The Petit-Rhone is an inactive submarine channel-levee system located on the modern seafloor of the 
Mediterranean, offshore France (Fig. 3.7A). Where it was documented with seismic and core data by Dennielou et al. 
(2006), the channel has maintained a relatively static channel location (i.e., it has not significantly migrated, aggraded, 
or incised) throughout the growth of the levee. The seismic profile used in their study shows that the Petit-Rhone 
levees are asymmetric, with the larger levee (~34 m thick at the crest and tapering laterally to 10 m thick over 7 km) 
on right-hand side when looking downslope (Fig. 3.7A). Grain-size data from a sediment core (MD99-2344) taken 
from the right-hand levee when looking downslope was used to predict the velocity profile of the formative flows by 
Dennielou et al. (2006), and their modeled results suggested flow thicknesses between 38 m and 58 m. From a core 2 
km from the levee crest, the median grain size for silty/sandy beds fines vertically from ~80 to ~10 um within the 
upper 10 meters of the cored levee deposits (Dennielou et al., 2006). There are ~12 turbidities per meter of core and 
assuming that bed thickness increases deeper in the levee, the entire 34 m thick levee is likely composed of deposits 
from around 400 flows. The channel currently has up to 35 m of relief, and seismic profiles suggest that the majority 
of channel relief developed through levee growth (Fig. 3.7A).  
The primary model inputs used to recreate the Petit-Rhone levee (Table 3.3) include: 5 m initial channel 
relief, 45 m average flow thickness (s.d. = 5), flow velocity of 3.5 m/s, concentration of 0.05 at 0.8 m elevation, 400 
flows with a dt of 800 sec., mean grain size of 1 micron (s.d. = 85), and a static channel location (i.e., no channel 
movements).  
Model run evaluation, Petit-Rhone levee --- In order to recreate the vertical fining trend in the median grain-






Figure 3.10 – A) Interpreted photograph of Rosario Fm. outcrops at Canyon San Fernando, Mexico including channel, 
internal levee, and external levee deposits. The locations of the measured sections for the external levee (SFE) and 
internal levee (SFI 1, SFI 2) are marked with white lines and white boxes outline the locations of detailed 
interpretations in Figures 3.11 and 3.13. B) Cross-section interpretation of the Rosario Formation submarine canyon, 
channel, and levee evolution at Canyon San Fernando, Mexico (modified from Morris and Busby-Spera, 1990; 






Figure 3.11 – Rosario Formation external levee at Canyon San Fernando, Mexico: A) interpreted photograph and 
measured section SFE location (yellow). B) Plots from measured section SFE including grain-size (gs), sand bed 
thickness, and sand:mud ratio data.  
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Figure 3.12 – Measured section SFE from the Rosario Formation external levee and unconformity (red line) with 
overlying Sepultura Fm. See location in Figure 3.10A and 3.11A. The blue box marks the interval of low sand:mud 




Figure 3.13 – Rosario Formation internal levees at Canyon San Fernando, Mexico: A) interpreted photograph (after 
Kane et al., 2009) and measured sections SFI 1 and SFI 2. B) Plots from measured section data from SFI 1 and SFI 2 





Figure 3.14 – Model realizations showing two-dimensional D50 grain-size and black lines marking the surface of 
deposits at evenly spaced time steps and profiles of grain-size data, sand and mud bed thickness, and sand:mud ratio 
from model realizations for the A) Rosario Fm. external levee and B) Rosario Fm. internal levee at Canyon San 
Fernando, Mexico. 
 
the model run (Figs. 3.8A, 3.9A), as the channel relief increased, the mean particle size of deposits decreases slowly 
at first, but at a much greater rate as channel relief approaches the maximum flow thickness. The model produced 
event beds consisting of graded intervals including both the sandy/silty and mud/clay component of the deposit that 
are approximately 7-11 cm thick (Figs. 3.8A, 3.9A), which is consistent with the thicknesses of vertically fining 
interval documented in the core (Dennielou et al., 2006). However, the model run produced a sand bed thickness and 
sand:mud ratios that are higher than those documented in Figure 3.7A. The uppermost ~10 m of the D50 grain-size 
profile from the model run in Figure 3.9A match the magnitude and trend documented in the levee core Figure 3.7A. 
To summarize, the model run (Figs. 3.8A, 3.9A) successfully recreated the levee morphology and generally 
reproduced the sedimentary properties of the Petit-Rhone levee.  
 
3.5.2 Mississippi Levee 
The Mississippi fan system is composed of several successions of channel-levee complexes termed ‘fan 
lobes’ by Bouma et al. (1985). The most recent channel-levee complex of the Mississippi fan was extensively 
documented by IODP leg 96 through a series of cores and seismic reflection data (Fig. 3.7B) (Bouma et al., 1983). 
Based on seismic interpretations by Stelting et al. (1986), the channel migrated laterally ~3 km in its initial stages of 
development, whereas in its later stages of development the channel aggraded with reduced lateral migration, with 
total aggradation of ~360 m (Fig. 3.7B). The channel deposits are characterized by sand and gravel, the levee-overbank 
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deposits are primarily composed of mud (silt and clay) (Pickering et al., 1986). The levee-overbank deposits are ~400 
m thick with very little taper within 5-10 km of the channel, and IODP core 617 is located in a topographically raised 
area with ridge and swale topography (Fig. 3.7B). Grain-size data from 32 sediment samples collected from the base 
of event beds in the upper ~150 m of IODP core 617 show minimal vertical changes in grain size, with average D10-
50-90 of 3.4,  22.1, and 51.9 um.  
The primary model inputs used to recreate the Amazon levee (Table 3.3) include: 5 m initial channel relief, 
75 m mean flow thickness (sd = 25), down channel flow velocity of 4 m/s and constant lateral velocity (Equation 3.9), 
Ca of 0.05 with za of 0.8 m, 4000 flow events with a dt of 1500 sec., mean grain size of 0.1 um (s.d. = 65), and channel 
movements including a total of 360 m of channel aggradation and 3 km of lateral channel migration.   
Model run evaluation, Mississippi levee --- Comparing the model run (Figs. 3.8B, 3.9B) to the seismic 
interpretation and the IODP core 617 sedimentary data from the Mississippi levee (Fig. 3.7B) shows that the model 
run: fairly accurately reproduced the levee geometry, created a grain-size profile that is slightly coarser than those 
documented in the core, produced a sand-bed thickness profile with similar magnitude to the core, but with slightly 
higher proportion of thicker (~0.7-0.8 cm) sand beds, and produced sand:mud ratios similar the core. Model runs using 
finer grain-sizes distributions in the flow produced thinner sand beds, but failed to reproduce the desired levee 
geometry, rather they produced a levee with very little to no taper. Also, the grain-size distribution used in the model 
includes an extremely small proportion of coarsest grain sizes that dominate the channel (i.e., coarse-grained sand and 
gravel). 
 
3.5.3 Amazon Levee 
The youngest levee-overbank deposits of the Amazon fan system - referred to as of ‘Channel 5’ by Manley 
et al. (1997) and ‘Channel 7’ by Lopez (2001) - are documented by seismic and core data from IODP core 931 (Bouma 
et al., 1986). The levee-overbank deposits on the west side of the channel are laterally expansive, extending over 15 
km laterally from the channel and are more than 160 m thick at the levee crest (Manley et al., 1997). IODP core 931 
was collected ~ 2 km away from the levee crest, where the levee deposit is ~ 145 m thick (Fig. 3.7C). Based on the 
IODP core 931 interpretation, the levee is predominantly clay and has silty-sandy beds that occur at frequencies 
ranging from ~10 to 25 beds per meter (Flood et al., 1997). Silty-sandy beds decrease in thickness from > 30 cm in 
the HARP deposits at the base of the levee to < 8 cm thick (commonly 0.1-2 cm) in the levee deposits near the top of 
the core (Flood et al., 1997). Based on the levee thickness and bed frequency at the core location, we estimate that the 
levee is comprised of between 1,350-3,375 flows. This system has accumulated a thick levee with relatively low taper 
(thinning laterally from 160 m to 105 m thick over 5 km) compared to other systems with significnatly thinner levee 
deposits. For example, the Petit-Rhone levee is ~34 m thick at the levee crest and tapers laterally to 10 m thick over 7 
km (Dennielou et al., 2006) and levees offshore Borneo, which are on average ~110 m thick at the levee crest and 
taper to ~50 m thick over ~2 km (Straub and Mohrig, 2008). In this location, the Amazon channel likely underwent 
numerous avulsions during early stages of channel deposition (i.e., the HARP deposit), and in a later stage the channel 
aggraded around ~120 m with lateral migration of < 2 km (Lopez et al., 2001). The model run attempts to recreates 
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the deposition during the stage of channel aggradation and lateral migration which coincided with the development of 
large external levees, this phase directly followed deposition of the HARP.  
The primary model inputs used to recreate the Amazon levee (Table 3.3) include: 5 m initial channel relief, 
75 m mean flow thickness (s.d. = 25), flow velocity of 4 m/s and flow velocity lateral to the channel was set to remain 
constant throughout levee growth, Ca of 0.05 with za of 0.8 m, 2250 flow events with a dt of 1500 sec., mean grain 
size of 1 um (s.d. = 65), lateral channel movement of ~775 m away from the levee and vertical channel movement of 
~120 m.  
Model run evaluation, Amazon levee --- The model run (Figs. 3.8C, 3.9C) includes sand beds that are < 10 
cm thick and have a vertical thinning trend; however, the model does not recreate the thicker beds (> 20 cm) found 
near the transition from the HARP to the large external levee confined channel. These beds may be the result of greater 
variability in flow properties than those accounted for in the model or changes in flow properties and/or channel 
geometry though time. The modeled median grain sizes of < 100 um is consistent with the core data (Fig. 3.7C). In 
order to recreate the low taper of the levee, the ratio of clay to silt-sand in the flow must be quite high (30:70). The 
more rounded levee crest on the western limb of the levee seen in seismic reflection data (Fig. 3.7C) is also present in 
the model run (Fig. 3.8C), which was the product of the concurrent aggradation and lateral migration of the channel 
away from the levee. 
 
3.5.4 Juniper Ridge Conglomerate Levee 
The Upper Cretaceous Juniper Ridge Conglomerate in California, USA includes exposures of submarine 
channel and levee-overbank deposits documented by Hickson and Lowe (2002) (Fig. 7D). The channel deposits are 
composed of interbedded pebble-to-cobble conglomerates and sandstones while the levee-overbank material is 
primarily interbedded fine-grain sandstones and mudstones (Fig. 7D). The lower ~50 meters of the levee-overbank 
deposit (IIIsd/md of Hickson and Lowe, 2002) includes complex patterns of grain sizes distributed throughout the 
levee. The sand content increases vertically for ~20 m from the base of the levee and then slowly decreases over the 
next 20-30 m. Hickson and Lowe (2002) proposed that this trend resulted from migration of the channel during levee 
deposition. In the most sand rich part of the levee, thicker sandstone beds (30-50 cm) are channelized and traceable 
for < 100 m and interpreted as splays, whereas thinner (8-15 cm) sandstone beds are traceable for >100 m and represent 
unconfined deposition on the levee (Hickson and Lowe, 2002). Due to compaction and partial exposure, the taper of 
the levee is not known, and the total number of beds that makes up the levee is not directly reported by Hickson and 
Lowe (2002).  
The primary model inputs used to recreate the Juniper Ridge Conglomerate levee (Table 3.3) include: 5 m 
initial channel relief, mean flow height of 70 m (s.d. = 15), reference concentration of 0.05 at 0.8 m elevation, 600 
flows with a dt of 500 sec., grain-size distribution mean of 1 um (s.d. = 60), flow velocity of 4 m/s, channel movements 
included aggradation of 15 m at even time steps and the channel laterally approaches the levee 200 meters every 30 
time steps until time step 150 out of 600 total time steps. 
Model run evaluation, Juniper Ridge Conglomerate levee --- This model run (Fig. 3.8D and 3.9D) recreates 
the vertical trends in bed thickness and grain size observed in the outcrop with the exception of the thicker channelized 
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splay sandstone beds found with the levee, likely produced by outsized flows or a temporary levee breach not included 
in our modeled flow distribution. The model produces a levee with relatively high taper, ~20 m in the first 500 m 
lateral to the channel margin (Fig. 3.8D).  Similar to the Mississippi example, the grain-size distribution of the flow 
used in the model includes extremely little to none of coarse grain sizes that are the dominant constituent of the channel 
deposits (i.e., conglomerates and coarse-grained sand). This was deemed acceptable because this coarse material likely 
comprise a very small percentage if the total sediment volume in any flow, and are prone to be confined within the 
channel (e.g., Fig. 3.1B). These coarser grain sizes are not present in the levee-overbank, which indicates that they 
were likely transported either as bedload or in suspension at heights below the height of channel confinement. 
 
3.5.5 Isaac Formation Channel 3 Levees 
Channel 3 of the Neoproterozoic Isaac Formation in British Columbia, Canada has multiple phases of channel 
aggradation and lateral migration (Navarro et al., 2007; Khan and Arnott, 2011). Accordingly, the levee complex 
associated with channel 3 is stratigraphically complex, consisting of three stacked levee packages that each display 
trends of vertical grain-size fining, bed thinning, and reduced sand-to-mud ratios (Fig. 3.7E) (Navarro et al., 2007; 
Khan and Arnott, 2011). Four channel elements are documented within the channel complex, with lateral movements 
of 100-200 m and vertical movement of around 10-20 m occurring between each element (Figure 4 in Navarro et al., 
2007). The levee associated with channel 3 is approximately 55 m thick and contains grain sizes from mud to coarse 
sand, whereas the channel deposits have grains up to granule and pebble size. The average bed thickness is 20 cm at 
the base of the levee complex and thins to around ~3 cm at the top, however individual beds can be >1 m thick. The 
levee deposits in question are interpreted as having been deposited on the outer bend of a channel as it aggraded and 
migrated toward to the levee in three distinct stages (Khan and Arnott, 2011). In our model, we focus on the levee 
deposits associated with the first three channel elements. The levee taper is not known, but measured sections from 
Navarro et al. (2007) document vertical trends in levee packages 1, 2, and 3 as well as lateral trends of bed thinning, 
grain size fining, and decrease sand:mud ratios within the first 500 m away from the channel (Fig. 3.7E). 
The primary model inputs used to recreate the Isaac Formation channel 3 levees (Table 3.3) include: 5 m 
initial channel relief, mean flow height of 60 m (s.d. = 10), reference concentration of 0.05 at 0.8 m elevation, 240 
flows with a dt of 2000 sec., grain-size distribution mean of 1 um (s.d. = 70), flow velocity of 4 m/s, channel 
movements included three events with 15 m of aggradation and lateral migration of 200 m the channel toward the 
levee at dt = 80, 150, and 239. 
Model run evaluation, Isaac Formation channel 3 levees --- The model run (Figs. 3.8E, 3.9E) recreates the 
thickness and vertical facies trends documented in the Isaac Formation outcrop, but does not recreate some of the 
larger > 1 m beds. As previously discussed in the Amazon model run, this may be an indication that the system 
experienced greater variability in flow properties than those recreated in the model run. While each of the three stages 
of levee growth in the outcrop and model show vertical decreases in bed thickness and sand:mud (or net sand to gross 
thickness) trends and the magnitudes of these trends respectively increase slightly and remain relatively consistent 
between successive levee phases. These trends and their relative magnitudes of the three phases of levee development 
where reproduced in the model by events of reduced channel relief and reduced lateral distance from the channel 
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margin to locations on the levee occurring at three district time steps at which the channel both aggraded and migrated 
laterally toward the levee. These channel movements are consistent with previous interpretations of channel 
kinematics for the Isaac Fm. channel 3 (Navarro et al., 2007). 
 
3.5.6 Niger Y-channel Levee 
On the Niger Delta continental slope located offshore Nigeria, a complex depositional history has been 
interpreted for the Y-channel, and its evolution attributed to changes in sediment supply and caliber over the last ~ 
130 ka (Jobe et al., 2015). The Y-channel’s four phases of evolution include: (1) the initial development of a wide, 
degradational, low-sinuosity channel which transitioned into (2) a narrow, aggradational, high-sinuosity channel, 
followed by (3) a period of abandonment resulting in channel straightening and then (4) reoccupation of the lower Y 
channel by a tributary (Y’ channel) and further narrowing and straightening due to internal levee deposition (Jobe et 
al., 2015). A thick (up to 8 m) hemiplegic drape overlies the phase 4 turbidite deposits. Cores (g7, g9, and g10 in Jobe 
et al., 2015) from axial-to-marginal locations of the Y-channel system sample sediments from the fourth phase of 
channel development, including: channel thalweg (g7), terrace or proximal internal levee (g9), and distal internal levee 
(g10) (Fig. 3.7F). Seismic data show that the core sites are located in the lower ~ 60 meters of the total ~100 meters 
of relief within the channel system – which includes ~ 20-40 meters of relief between the axis and internal levee/terrace 
and an addition ~ 40-60 m of relief within the greater channel belt (Fig. 3.7F). Based on documentation by Jobe et al. 
(2017), the grain size and thickness of sand beds decrease laterally from the phase 4 channel from 0.5 m thick sands 
beds with a median grain size of up to ~ 260 um in g9 to very thin sand beds at g10 with median grain sizes of < 145 
um.  
The primary model inputs used to recreate the Niger Y-channel levees (Table 3.3) include: antecedent 
topography (from Figure 12 in Jobe et al., 2015), 5 m initial channel relief, mean flow height of 100 m (s.d. = 25), 
reference concentration of 0.05 at 0.8 m elevation, 175 flow events with a standard distribution of dt values with a 
mean of 600 sec. (s.d. = 600), grain-size distribution mean of 1 um (s.d. = 65), flow velocity of 4 m/s, and there are 
no channel movements.  
Model run evaluation, Niger Y-channel levees --- The model run (Figs. 3.8F, 3.9F) is fairly successful in 
recreating the internal levee morphology, bed thickness, and grain-size properties, but the model has less variability 
in bed thickness and grain size as compared to the core data. Unlike the approach used by Jobe et al. (2017) to model 
deposition associated with the Niger Y channel, our model does not include erosion. Jobe et al. (2017) demonstrates 
that erosion will be greatest lower in the flow and adjacent to the channel, and including erosion in the current model 
increase the sand:mud ratio in locations proximal to the channel thalweg. However, the models of Jobe et al. (2017) 
and this study both replicate the large scale distribution of sedimentary properties documented by cores and seismic 
data (Jobe et al., 2015, 2017) and provide insight into the formative flows. 
 
3.5.7 Rosario Formation Levees 
The deposits of the submarine channel–levee system of the Cretaceous Rosario Formation outcropping at 
Canyon San Fernando in Baja California, Mexico includes exposures of both internal and external levees (Fig. 3.10) 
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that have be extensively documented (Morris et al., 1989; Morris and Busby-Spera, 1990; Dykstra and Kneller, 2007a, 
2007b, 2009; Kane et al., 2007, 2009; Kane and Hodgson, 2011). In particular, Dykstra and Kneller (2007b) interpret 
that the channel-levee system transitions from canyon-confined (Stage 1) to slope-and-levee-confined (Stage 2) as the 
channel aggraded and migrated laterally away from the external levee through time (Fig 3.10B). The growth of the 
single external levee began as the channel aggraded out of the canyon at the stage1-2 transition and the external levee 
continued to develop as the channel migrated away from the external levee (Figs. 3.10-3.12). In addition to the external 
levee, there are numerous 10-20 m thick successions of medium-to-thin bedded fine to very-fine sandstone and 
interbedded mudstones located adjacent to and between conglomerate and sandstone-filled channel deposits within 
the axis of both the canyon and slope-and-levee confined phases of growth (Figs. 3.10, 3.11, 3.13); because these 
deposits are within the axis of the system, and the sand beds thin laterally away from the channels, they are interpreted 
as internal levee deposits (Kane et al., 2009).  
Rosario Formation external levee --- The external levee of the Rosario Formation at Canon San Fernando 
was originally > 140 m thick in the channel-proximal portion of the levee before it is truncated and overlain by the 
Paleocene Sepultura Formation based on the outcrop exposure (Fig. 3.10A and 3.11A) and measured section SFE 
(Fig. 3.12). Within the proximal external levee (Figs. 3.10, 3.11, 3.12), there is a general vertical trend of sandstone 
beds thinning throughout the ~140 meter thick outcrop. Sandstone beds in the lowermost 50 m approach a maximum 
thickness of 1 m thick and thin vertically to a maximum of 10-15 cm near the top of the levee section (Fig. 3.11B). 
There is no apparent vertical trend in grain size at the bases of event beds within the external levee and the median 
grain size from the base of sandstone beds is consistently ~100 um (Fig. 3.11B). The sand:mud ratio represents a 20-
bed moving average, and shows rapid changes and greater variability in sand:mud ratio from 0-50 m (Fig. 3.11B), 
then an interval of low sand:mud ratio (blue box in Fig. 3.11B), followed by three trends alternating from decreasing 
to increasing and finally decreasing again (gray arrows in Fig. 3.11B). These patterns are aligned with similar but 
noisier, higher-frequency patterns in sand bed thickness (Fig. 3.11B). 
The primary model inputs used to recreate the Rosario Formation external levee (Table 3.3) include: 150 m 
of initial channel relief representing the canyon confined system (Phase 1), mean flow height of 100 m (s.d. = 10), 
reference concentration of 0.05 at 0.8 m elevation, 1600 flow events with a standard distribution of dt values with a 
mean of 1700 sec. (s.d. = 850), grain-size distribution mean of 1 um (s.d. = 65), flow velocity of 4 m/s, and channel 
movements include initial aggradation until the channel is above the initial 150 m of canyon confinement after which 
the channel moves 200 meter away from the levee and aggrades 5 m in in ten evenly spaced time steps.  
Model run evaluation, Rosario Formation external levee --- The 2-D levee properties and extracted vertical 
properties from the model run for the Rosario external levee (Fig. 3.14A) generally recreates the magnitude and trends 
in channel-levee morphology, grain size, and sand bed thickness, but does not recreate some of the more complex 
trends in sand:mud ratios and bed thickness. This is likely in part due to the simplified nature of channel movement 
and more limited range of flow properties in the model run as compared to the channel and flows that influences the 
outcropping deposits. For example, the modeled levee does not include some of the higher frequency channel 
movements that likely occurred during levee development, and changes in flow-property dynamics impacting the 
external levee that likely accompanied these movements. Additionally, the model predicts an initial trend of vertically 
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thickening sand beds from 150-200 m stratigraphic height in the model, which was produced as channel aggradation 
reduced the degree of flow confinement by the canyon in the initial stages of levee growth. This trend was not observed 
in the outcrop, but may exist in undocumented subcrop that is stratigraphically lower than the base of our measured 
section from the external levee. 
Rosario Formation internal levee --- The internal levees of the Rosario Formation at Canon San Fernando 
are composed of interbedded fine sands (up to one meter thick with a median grain size of ~125 um, which is somewhat 
(~ 25 um) coarser than that of the external levee) and thin bedded mudstones. The two measured sections from the 
internal levee (SFI 1 and SFI 2) show no distinct vertical trend in and grain size, bed thickness, or sand:mud ratios, 
but there is a slight vertical decrease in the grain size in section SFI 1 (Fig. 3.14). 
The primary inputs used to create the Rosario Fm. internal levee (Table 3.3) are predominantly the same as 
those used in the Rosario Formation external levee model run except that the initial channel relief is 5 m, there are 
only 60 flow events, and there are no channel movements. Because the Rosario Formation internal and external levees 
at Canyon San Fernando developed in parallel within the same depositional system, the internal levees likely 
developed under the influence of a subset of the same turbidity currents that influenced the external levee. These 
parameters were chosen to be consistent with the flows that created the external levee, as well as recreating the internal 
levee properties documented in Figure 3.13, one of the many internal levees documented within both the canyon and 
slope-levee confined portion of the submarine channel-levee system at Canyon San Fernando 
Model run evaluation, Rosario Formation internal levee --- The model run (Fig. 3.14B) recreates many of 
the documented grain size, bed thickness, and sand:mud ratio characteristics documented in the Rosario Formation 
internal levees (Fig. 3.13), but does not have the same range of variability found vertically in the sand bed thickness 
and sand:mud ratios. The model recreating the Rosario Formation internal levee uses most of the same flow parameters 
as external levee model with the notable exception of the number of time steps; to reproduce the internal levee data 
better, it may be more necessary to include a greater proportion of flows with smaller flow thickness as compared to 
the model which recreated the Rosario Formation external levee. Including low thickness flows in the current model 
run would increase the heterogeneity of the grain size, bed thickness, and sand:mud ratios in the internal levee, and 
the model results would more accurately recreate the documented internal levee properties. Furthermore, if the 
additional thinner flows are fully confined within the external levee, they will influence deposition on the internal 
levee, but there will be no record of those flows in the external levee. 
 
3.6 Discussion 
The following discussion sections address some aspects of levee deposition that are not included or cannot 
be reproduced using our model, as well as some important insights the model has provided onto the interpretation of 
levee deposits. 
 
3.6.1 Limitations of Flow Property Prediction Using the Levee-Growth Model 
Processes not included in the model --- Several processes that are known to impact levees, including erosion, 
bedload transport, and sediment reworking, were not included in our model because the magnitude of the influence of 
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these processes is poorly documented. The inclusion of complex parameters with high uncertainty can limit a model’s 
effectiveness in producing interpretable results. Accordingly, the model is limited in the diversity of levee styles that 
can be recreated. For example, it cannot recreate levee segments that are dominated by deposits from sediment waves 
(c.f., Wynn and Stow, 2002) or cyclic steps (c.f., Postma et al., 2014) such as the Var levee (Migeon et al., 2000), 
Cerro Toro Formation (Campion et al., 2011), and Monterey canyon (Fildani et al., 2006). Most of the levees in our 
study have some evidence of bedload transport (tractional bedforms), such as rippled beds in the Rosario Formation 
levees (Kane et al., 2007) or erosion, such as the scour crevasse channel in the Juniper Ridge Conglomerate levee 
(Hickson and Lowe, 2002). However, despite the absence of these processes, the model is still capable of recreating 
the morphology and grain-size trends commonly found in levee deposits, and allowing us to infer the properties (e.g., 
flow thickness) that formed the levees.  
Flow velocity --- In order to match specific levee morphologies, either equation (3.9) or (3.10) was applied 
to predict the velocity of a flow lateral to the channel. Equation (3.9) assumes that the lateral velocity is the same for 
each flow regardless of degree of channel confinement of the flow, whereas in the empirically derived equation (3.10) 
the lateral velocity of the flow is dependent on how much of the flow is confined within the channel. In a levee 
modeling study conducted by Straub and Mohrig (2008), they found only minor differences between the levees 
produced using either equation (3.9) or (3.10). However, we found some significant differences between model results 
using each equation, particularly when modeling thicker, laterally extensive levees that were predominantly composed 
of mud (e.g., Amazon, Mississippi). These systems often develop a high degree of flow confinement though levee 
growth. Because of the differences between the impacts of these two equations on the model results, equation (3.9) 
was used to reproduce the fine-grained systems with levee-overbank deposits with low taper and large lateral extent 
(>10 km) (e.g., Petit-Rhone, Mississippi, Amazon, Rosario Formation), and equation (3.10) was used for systems with 
greater taper and rapid lateral grain-size changes (e.g., Juniper Ridge Conglomerate, Isaac Formation channel 3, Niger 
Y-channel). This suggests that the empirically derived equation (3.10) may not be effective in predicting lateral 
velocity of a flow where the majority of the flow thickness is confined, which was the case in several of our model 
runs. The models of Straub and Mohrig (2008) never exceeded ~50% confinement of the flow, the limited confinement 
of flows in their study may explain why they found minimal variability between model runs using either equation 
(3.9) or (3.10). Alternatively, natural flow may be affected by the topography of larger levees (e.g., flows may 
accelerate down the slope of a levee) causing the velocity to better match results when using equation (3.9), which 
consistently predicts higher lateral flow velocities thank equation (3.10).  
We used velocity values that did not change during the deposition of an individual time step either in the 
stream wise direction (Ux) or perpendicular to it (Uy). However, changes in velocity are commonly occur throughout 
the duration of naturally occurring turbidity currents (e.g., Azpiroz-Zabala et al., 2017; Simmons et al., 2020; 
Vendettuoli et al., 2020). Additionally, in our model, the portion of the flow that escapes the channel does not 
decelerate or accelerate as it interacts with the levee topography in our model. However, the interaction of turbidity 
currents with  topography is known to affect flow properties and sediment distribution by turbidity currents (e.g., 
Haughton, 1994; Kneller, 1995). For example, as a levee develops a wedge-shaped morphology that slopes away from 
the channel, turbidity currents may accelerate as they move a across and down the levee slope. We chose to not include 
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this complexity because (1) the nature of velocity evolution of flows in nature are highly variable and poorly 
documented, and (2) it helped reduce model complexity and computation time.  
Flow concentration --- The flow concentration profile has a strong influence on the vertical bed thickness 
profile in the associated levee deposit (Fig. 3.2). The current model settings proved to be incapable of producing the 
rapid vertical bed thinning profiles seen in levees like the Rosario Formation external levee (Figs. 3.11B, 3.14A). One 
factor that may be responsible for this difficulty may be the use of typically sigmoid-shaped concentration profiles 
produced by the Rouse equation. Comparison of the concentration profiles in physical models and those predicted by 
the Rouse profile found that Rouse predictions are accurate for sand-size particles, but less effective at predicting the 
concentration of silt- and clay-sized particles, particularly for locations high in the flow (Eggenhuisen et al., 2019). 
Some turbidity currents in nature and physical experiments have concentration profiles that taper more consistently in 
the upper portions of the flow than in the Rouse profiles (e.g., Pittaluga and Imran, 2014; Eggenhuisen et al., 2019). 
Incorporating an alternative method of predicting the concentration profiles may improve the accuracy of this model 
to predict vertical bed thickness trends. For example, if vertical concentration profiles that tapered more strongly were 
included in the model, levees would display more pronounced thinning of beds with successive runs as confinement 
of the flow increases. This is the case because compared to the model using the Rouse profile, growth of the levee 
crest in the alternative model will confine a greater percentage of the total sediment concentration of the flow. 
Variability in flow properties of individual time steps --- High-frequency variability in event-bed thickness 
in levee deposits (see sand-bed thickness and sand:mud ratio in Figures 3.7 and 3.11-3.13) attests to significant 
variability between the properties of individual flows. In spite of this variability, the large-scale trends in levee 
properties are often apparent (e.g., vertical thinning of sand beds in Petit-Rhone in Figure 3.7A). However, variability 
in flow properties may obscure the observation of smaller-scale trends which may be related to characteristics of 
channel evolution. For example, the Rosario Formation external levee contains an overall vertical thinning of sand 
beds likely related to levee growth through time, but there are also higher frequency vertical trends in bed thickness 
that may be related to variability in flow properties between flow events. However, while the sand:mud ratio 
documents these vertical trends, they are more difficult to identify using bed thickness alone. In fact, the variability in 
bed thickness observed in levees was often underrepresented in our models (e.g., models recreating the Amazon and 
Rosario Formation levees). Bed-thickness heterogeneity was produced by adding variability in flow properties 
between time steps based on normal distributions. Because model results underrepresent the variability of sedimentary 
properties documented in nature, our study indicates that the typical distribution of flow properties may not follow a 
normal distribution, and incorporating alternative probability distributions that promote greater heterogeneity between 
flows may improve this aspect of the model. While some studies suggest that bed thickness follows log-normal or 
exponential distributions (Sylvester, 2007; Talling et al., 2007), the distributions of other flow properties (e.g., flow 
thickness) are more difficult to constrain. In a study focused on submarine fans, Jobe et al. (2018) utilized uniform 
distributions for flow parameters because of the difficulty in creating log-normal distributions from a limited dataset.  
Grain sizes --- Based on the grain-size composition of the bases of event beds, there was no apparent vertical 
fining trend in most of the natural levees in this study, but the overall grain size of event beds do typically fine 
vertically within the levees (i.e., sand:mud ratio). The quantitative grain-size data from the bases of event beds from 
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the Mississippi, Amazon, Niger Y-channel, and Rosario Formation external levee show relatively consistent grain-
size compositions from the bases of event beds vertically though the levee (Fig. 3.7 and 3.11). However, the Petit-
Rhone and, to a lesser extent, the one of the locations from the Rosario Formation internal levee (SFI 1) show a vertical 
fining of the D50 grain size at the bases of event beds (Fig. 3.7A and 3.13). The lack of vertical trend in grain-size 
composition of the bases of event beds indicates a similarity in the grain-size properties of the portion of flows that 
contributes to the levee throughout the development of the system, whereas vertical fining trends would indicate that 
growing confinement throughout levee development may have progressively filtered out the coarser particles that are 
concentrated lower in the flow.  
In order to match properties documented in levees, our model required sediment compositions of flows that 
primarily consisted of mud (silt and clay). For example, the sand:mud ratio in the Mississippi model run was about 
30:70 (Table 3.3). Small changes in the concentration of silt- and sand-sized particles had a dramatic impact on levee 
taper and thickness. The grain-size composition of channel-fill material, which commonly contains the coarsest grain 
size within submarine fan systems, are not representative of the majority of sediment transported by the flow. Rather 
this coarse material may only represent a small fraction of the total suspended sediment composition of the flows. If 
the model inputs are representative of the actual systems, mud-sized particles comprise the majority of sediment flux 
through these marine environments. Alternatively, our model may over predict the mud content of turbidity currents 
because it neither accounts for the finer-grained pelagic sedimentation contribution to levee deposits between turbidity 
currents nor the coarser-gained sediment transported as bedload in the channel. We used a truncated normal 
distribution for grain sizes included in flows; however, this may not be representative of flows in nature and there may 
be a more preferable distribution shape that could be incorporated into the model. 
Typically, internal levees and the lower portion of external levees exhibit the greatest variability in bed 
properties, while the upper portions of external levees show much less variability in bed properties (Hansen et al., 
2015). These characteristics are likely caused by two factors related to levee height. First, the lower portion of the 
flow, which typically has the greatest variability in concentration and grain sizes, will become confined within the 
channel as the levee grows. The concentration profiles used in our model predicts that the greatest change in grain 
sizes and concentration occurs in the lowest third of an individual flow. Accordingly, this variability will be most 
evident in levee deposits related to the lower portions of the flow (i.e., when channel relief is small in relation to flow 
thickness). Second, a levee may grow to a thickness at which it will completely block sediment accumulation on the 
levee from smaller flows (i.e., flows with heights less than the levee relief). Filtering of this sort may explain why 
applying the flow parameters that best matched the Rosario Formation external levee to the internal levee resulted in 
a lower abundance of thin beds in the internal levee model run than was observed in the outcrop (Fig. 3.13 and 3.14). 
For example, if flows were fully confined within the external levee, inclusion or exclusion of these flows would only 
impact the results from the internal levee model run, while the external levee model run remains unchanged.   
Levee deposits likely contain the most complete record of flow events of the associated channel. However, 
because levee height filters out sediment contributions from the lowermost portion of a flow, levees are not sufficient 
to accurately predict the grain-size distributions of the associated channel fill. This can be seen qualitatively in the 
Juniper Ridge Conglomerate example, where the grain size inside and outside the channel confinement differ 
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dramatically, by over an order of magnitude. Figure 3.15 demonstrated differences between grainsize composition of 
associated channel and levee deposits created by flow events with equivalent and consistent properties except for the 
grain-size distributions of their respective flow events. The formative flows for the model in Figure 3.15A had a 
relatively wide range of grain sizes which including coarse-grained sand, whereas formative flows for the model in 
Figure 3.15B had a narrower range of grain sizes which lacked some of the coarser sediment included in the model in 
Figure 3.15A. If a channel confines the lower 40% of both flows, they will both produce levees with nearly identical 
grain-size populations even though the flows originally had different grain-size populations (Fig. 3.15). However, the 
grain size of channel fills associated with Part A and B in Figure 3.15 may differ significantly, because they may 
contain sediment from the entire range of the grain size populations of their respective formative flows. Thus, the 
channel fill associated with the flow from Figure 3.15A would likely contain finer grained deposits than the channel 
fill in Figure 3.15B. Based on the observations from the modeled levee deposits in Figure 3.15, levee grain size 
composition cannot be used to predict general intra-channel grain-sizes. At best, it could be predicted that channel fill 
will include grain sizes at least as large as the maximum grain size found in the associated levee. However, the 
difference between the maximum grain sizes found in levee and channel deposits from the same system can vary by 
several orders of magnitude (e.g., Rosario Fm., Kane et al., 2007; Juniper Ridge Conglomerate, Hickson and Lowe, 
2002; Cerro Toro Fm., Campion et al., 2011).  
 
 
Figure 3.15 – Comparison of sediment available for deposition on levees and channels formed by flows with different 
grain-size compositions. The plots on the left show that the total sediment concentrations are the same for the flows 
documented in Parts A and B, but the flow in Part A has a wider range and coarser sediment components than that of 
the flow in Part B. Because of the high settling velocities of the coarser grains (> 175 um) that are included in Part A 
and not present in Part B, this coarse material is concentrated in the lower 5-10% of the flow thickness. The 
concentration profiles of Parts A and B are nearly identical above 30-40 % of the flow thickness (left). Therefore if 
levees confine ~ 40% of the flow thickness (dashed blue lines) for both Parts A and B, the sediment available to be 
deposited within the channels would differ greatly between them, but there is minimal difference between the sediment 
available to be deposited in levee (plots on right). Accordingly, the grain-size composition of a channel is non-unique 
in relation to the levee grain-size composition. 
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3.6.2 How Coupled are Levee and Channel Properties? 
There are linked interactions between channel kinematics and levee growth, in that the channel position 
dictates the location of the turbidity current relative to locations on the levee and the channel relief determines the 
grain sizes and concentrations from the turbidity current that are available for deposition onto the levee. Both of these 
properties impact the distribution of sediment onto the levee. Modeling of levee growth with a static channel location 
produces 2-D levee properties that match the characteristics of the classic levee sedimentary model (Fig. 3.3): wedge 
shaped morphology, fining grain size and thinning of beds both vertically though the levee and laterally away from 
the channel. These trends are documented in the Petit-Rhone levee (Fig. 3.7A; Dennielou et al., 2006), which 
developed adjacent to a channel that has not migrated laterally or aggraded significantly.  
The model runs in Figure 3.4E-G illustrate how channel kinematics (aggradation, incision, and lateral 
migration) will alter sedimentary properties in relation to a system with a static channel location. Some of the levee 
properties investigated in modern and outcrop deposits are coupled with the channel kinematics. For example, the 
grain size and sand-bed thickness between 30-70 m depth in IODP Core 617 from the Mississippi levee are very 
consistent and show no apparent vertical trends (Fig. 3.7B). One possible explanation is that the rates of channel 
aggradation and levee growth were similar throughout the deposition of this interval, which would keep the proportion 
of flow confined by the levee consistent. If the flow properties were also consistent between flow events, successive 
event beds would be deposited with similar sedimentary properties and thicknesses. 
The complex vertical trends of the Isaac Formation channel 3 levee (Fig. 3.7E) succession are best explained 
by channel movements, and evidence of channel kinematics have been observed in the outcrop (Khan and Arnott, 
2011). However, the modeling alone suggests that channel aggradation and lateral migration contributed to the 
development of the three distinct phases of vertical fining and thinning of sand beds in the levee. Conversely, with a 
fixed channel location, the model would require systematic and extreme fluctuations in flow properties to reproduce 
the three vertical trends. 
It is clear that channel movements can significantly impact levee properties, and sedimentary trends in levee 
deposits can be used as a proxy to decipher the kinematic history of associated channels. 
 
3.7 Conclusions 
This investigation into the development of submarine levees uses the integration of sedimentary field data 
from submarine channel-levee systems and results from numerical forward modeling of sediment transport and 
deposition by turbidity currents to provide tools to help decipher the formation of sedimentary complexities found in 
submarine levees. The advection-settling model presented in this study can reproduce the two-dimensional 
sedimentary characteristics (vertical and lateral fining and thinning of event beds) and wedge-shaped morphology 
considered typical of submarine levees. A reference (i.e., base-case) model run exhibiting these typical characteristics 
levee was compared to subsequent model runs in which input parameters were systematically changed: 1) flow 
properties (velocity, thickness, sediment sizes, concentration, duration, recurrence) were changed, 2) antecedent 
topography adjacent to the channel, 3) channel kinematics (aggradation, incision, lateral migration), and 4) flow 
properties that changed between time steps (i.e., individual turbidity currents).  
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The lessons learned from these basic model runs were applied to tune the model inputs such that model 
outputs matched published and new data documenting sedimentary properties and morphologies of eight submarine 
levee deposits found on the modern sea floor (Petit-Rhone, Mississippi, Amazon, and Niger Y-channel levees) or 
outcrop (Juniper Ridge Conglomerate, Isaac Fm. channel 3, and Rosario Formation internal and external levees). The 
model can be used to predicted flow properties, channel dimensions, and 2-D levee properties enabling better 
understanding of these important sedimentary archives.  
Our model was also used to demonstrate that grain-size composition of levee deposits provides little 
predictive power as to the composition of the channel fill, because the grain-sizes composition of suspended sediment 
in the confined lower proportion of the flow which is available for deposition as channel fill are non-unique in relation 
to the grain-sizes composition of the unconfined upper portion of the flow that contributes to levee deposits. 
The results of this work can be applied to improve the interpretation and prediction of the sedimentary 
properties of submarine levee deposits, particularly from data-sparse settings like partial outcrop exposures or 
subsurface boreholes.  
 
3.8 Acknowledgements 
Financial support for this project was provided by Chevron through the Chevron Center of Research 
Excellence at Colorado School of Mines and the Colorado School of Mines Bartshe Fellowship. LPSA analyses were 
run by Christine Gobrogge at the Montana State University’s Environmental Analytical Lab. This project was 
improved due to constructive advice from and discussions with Adam McArthur, Dave Hodgson, Stephen Flint, and 
Steve Hubbard.  
 
3.9 References  
Adams, P.N., Slingerland, R.L., and Smith, N.D., 2004, Variations in natural levee morphology in anastomosed 
channel flood plain complexes: Geomorphology, v. 61, p. 127–142, doi:10.1016/j.geomorph.2003.10.005. 
Azpiroz-Zabala, M., Cartigny, M.J.B., Talling, P.J., Parsons, D.R., Sumner, E.J., Clare, M.A., Simmons, S.M., 
Cooper, C., and Pope, E.L., 2017, Newly recognized turbidity current structure can explain prolonged flushing 
of submarine canyons: Science Advances, v. 3, e1700200, doi:10.1126/sciadv.1700200. 
Babonneau, N., Savoye, B., Cremer, M., and Bez, M., 2004, Multiple terraces within the deep incised Zaire Valley 
(ZaiAngo Project): are they confined levees? Geological Society of London, Special Publications 222, p. 91–
114, doi:10.1144/GSL.SP.2004.222.01.06. 
Babonneau, N., Savoye, B., Cremer, M., and Bez, M., 2010, Sedimentary architecture in meanders of a submarine 
channel: detailed study of the present Congo turbidite channel (ZAIANGO project): Journal of Sedimentary 
Research, v. 80, p. 852–866, doi:10.2110/jsr.2010.078. 
Babonneau, N., Savoye, B., Cremer, M., and Klein, B., 2002, Morphology and architecture of the present canyon 
and channel system of the Zaire deep-sea fan: Marine and Petroleum Geology, v. 19, p. 445–467. 
Barton, M., 1997, Facies architecture of submarine channel-levee and lobe sandstones: Permian Bell Canyon 
Formation, Delaware Mountains, West Texas, Bureau of Economic Geology, Field Trip Guidebook, p. 1–40. 
Birman, V.K., Meiburg, E., and Kneller, B., 2009, The shape of submarine levees: exponential or power law? 
Journal of Fluid Mechanics, v. 619, p. 367-376, doi:10.1017/S0022112008004862. 




Bouma, A.H., Normark, W.R., and Barnes, N E, E. (Eds.), 1985, Submarine fans and related turbidite systems: New 
York, Springer-Verlag, 351 p., doi:10.1007/978-1-4612-5114-9. 
Brunt, R.L., Di Celma, C.N., Hodgson, D.M., Flint, S.S., Kavanagh, J.P., and van der Merwe, W.C., 2013, Driving a 
channel through a levee when the levee is high: An outcrop example of submarine down-dip entrenchment: 
Marine and Petroleum Geology, v. 41, p. 134–145, doi:10.1016/j.marpetgeo.2012.02.016. 
Buffington, E.C., 1952, Submarine “Natural Levees”: Journal of Geology, v. 60, p. 473–479, doi:10.1086/625999. 
Campion, K.M., Dixon, B.T., and Scott, E.D., 2011, Sediment waves and depositional implications for fine-grained 
rocks in the Cerro Toro Formation (upper Cretaceous ), Silla Syncline, Chile: Marine and Petroleum Geology, 
v. 28, p. 761–784, doi:10.1016/j.marpetgeo.2010.07.002. 
Cartigny, M.J.B., Eggenhuisen, J.T., Hansen, E.W.M., and Postma, G., 2014, Concentration-Dependent Flow 
Stratification In Experimental High-Density Turbidity Currents and Their Relevance To Turbidite Facies 
Models: Journal of Sedimentary Research, v. 83, p. 1046–1064, doi:10.2110/jsr.2013.71. 
Carvajal, C. et al., 2017, Unraveling the channel–lobe transition zone with high-resolution AUV bathymetry: Navy 
Fan, offshore Baja California, Mexico: Journal of Sedimentary Research, v. 87, p. 1049–1059, 
doi:10.2110/jsr.2017.58. 
Damuth, J.E., and Kumar, N., 1975, Amazon cone: morphology, sediments, age, and growth pattern: Geological 
Society of America, Bulletin, v. 86, p. 863–878. 
Dennielou, B., Huchon, A., Beaudouin, C., and Berné, S., 2006, Vertical grain-size variability within a turbidite 
levee: Autocyclicity or allocyclicity? A case study from the Rhône neofan, Gulf of Lions, Western 
Mediterranean: Marine Geology, v. 234, p. 191–213, doi:10.1016/j.margeo.2006.09.019. 
Dickinson, W.R., and Gehrels, G.E., 2008, Sediment delivery to the Cordilleran foreland basin: Insights from U-Pb 
ages of detrital zircons in Upper Jurassic and Cretaceous strata of the Colorado Plateau: American Journal of 
Science, v. 308, p. 1041–1082, doi:10.2475/10.2008.01. 
Dykstra, M., and Kneller, B., 2007a, Canyon San Fernando, Baja California, Mexico: A deep-marine channel-levee 
complex that evolved from submarine canyon confinement to unconfined deposition, in Nilsen, T.H., Shew, 
R.D., Steffens, G.S., and Studlick, J.R.J. eds., Atlas of deep-water outcrops: American Assocaition of 
Petroleum Geologists, Studies in Geology 56, CD-ROM, p. 226–230, doi:10.1306/12401021St563284. 
Dykstra, M., and Kneller, B., 2007b, Canyon San Fernando: A deep-marine channel-levee complex exhibiting 
evolution from submarine canyon-confined to unconfined: Atlas of deep-water outcrops: American 
Assocaition of Petroleum Geologists, Studies in Geology 56, p. 226–229, doi:10.1306/12401021St563284.. 
Dykstra, M., and Kneller, B., 2009, Lateral accretion in a deep-marine channel complex: Implications for 
channellized flow processes in turbidity currents: Sedimentology, v. 56, p. 1411–1432, doi:10.1111/j.1365-
3091.2008.01040.x. 
Dykstra, M., Kneller, B., and Milana, J.P., 2012, Bed-thickness and grain-size trends in a small-scale proglacial 
channel-levée system; the Carboniferous Jejenes Formation, Western Argentina: Implications for turbidity 
current flow processes: Sedimentology, v. 59, p. 605–622, doi:10.1111/j.1365-3091.2011.01268.x. 
Eggenhuisen, J.T., Tilston, M.C., de Leeuw, J., Pohl, F., and Cartigny, M.J.B., 2019, Turbulent diffusion modelling 
of sediment in turbidity currents : An experimental validation of the Rouse approach: The Depositional 
Record, v. 6, p. 203–216, doi:10.1002/dep2.86. 
Fildani, A., Clark, J., Covault, J.A., Power, B., Romans, B.W., and Aiello, I.W., 2018, Muddy sand and sandy mud 
on the distal Mississippi fan: Implications for lobe depositional processes: Geosphere, v. 14, p. 1051–1066, 
doi:10.1130/GES01580.1. 
Fildani, A., Normark, W.R., Kostic, S., and Parker, G., 2006, Channel formation by flow stripping : large-scale 
scour features along the Monterey East Channel and their relation to sediment waves: Sedimentology (2006), 
83 
 
v. 53, p. 1265–1287, doi:10.1111/j.1365-3091.2006.00812.x. 
Filgueira-Rivera, M., Smith, N.D., and Slingerland, R.L., 2007, Controls on natural levee development in the 
Columbia River, Controls on natural leve British Columbia, Canada: Sedimentology, v. 54, p. 905–919, 
doi:10.1111/j.1365-3091.2007.00865.x. 
Flood, R.D., Manley, P.L., Kowsmann, R.O., Appi, C.J., and Pirmez, C., 1991, Seismic Facies and Late Quaternary 
growth of Amazon Submarine Fan, in Weimer, P. and Link, M.H. eds., Seismic facies and sedimentary 
Processes of Submarine Fans and Turbidite, Springer, New York, p. 415–433. 
Garcia, M., 1994, Depositional turbidity currents laden with poorly Sourted sediemnt: Journal of Hydraulic 
Engineering, v. 120, p. 1240–1263. 
Gaudio, R., Miglio, A., and Dey, S., 2010, Non-universality of von Kármán’ s κ in fluvial streams: Journal of 
Hydraulic Research, v. 48, p. 37–41, doi:10.1080/00221686.2010.507338. 
Hansen, L.A.S., Callow, R.H.T., Kane, I.A., Gamberi, F., Rovere, M., Cronin, B.T., and Kneller, B.C., 2015, 
Genesis and character of thin-bedded turbidites associated with submarine channels: Marine and Petroleum 
Geology, v. 67, p. 852–879, doi:10.1016/j.marpetgeo.2015.06.007. 
Haughton, P.D.W., 1994, Deposits of Deflected and Ponded Turbidityents, Currents, Sorbas Basin, Southeast Spain: 
Journal of Sedimentray Research, v. 64, p. 233–246. 
Hickson, T.A., and Lowe, D.R., 2002, Facies architecture of a submarine fan channel-levee complex: The Juniper 
Ridge Conglomerate, Coalinga, California: Sedimentology, v. 49, p. 335–362, doi:10.1046/j.1365-
3091.2002.00447.x. 
Hiscott, R.N., Hall, F.R., and Pirmez, C., 1997, Turbidity-current overspill from the Amazon channel: texture of the 
silt/sand load, paleoflow from anisotropy of magnetic susceptibilty and implications for flow process: 
Proceedings of the Ocean Drilling Program, Scientific Results, v. 55, p. 53–78. 
Hodgson, D.M., Kane, I.A., Flint, S.S., Brunt, R.L., and Ortiz-Karpf, A., 2016, Time-Transgressive Confinement on 
the Slope and the Progradation of Basin-Floor Fans: Implications for the Sequence Stratigraphy of Deep-
Water Deposits: Journal of Sedimentary Research, v. 86, p. 73–86, doi:10.2110/jsr.2016.3. 
Hubbard, S.M., Covault, J.A., Fildani, A., and Romans, B.W., 2014, Sediment transfer and deposition in slope 
channels: Deciphering the record of enigmatic deep-sea processes from outcrop: Geological Society of 
America, Bulletin, v. 126, p. 857–871, doi:10.1130/B30996.1. 
Hubbard, S.M., Jobe, Z.R., Romans, B.W., Covault, J.A., Sylvester, Z., and Fildani, A., 2020, The stratigraphic 
evolution of a submarine channel : Linking seafloor dynamics to depositional products: Journal of 
Sedimentary Research, v. 90, p. 673–686, doi:10.2110/jsr.2020.36. 
Hughes Clarke, J.E., 2016, First wide-angle view of channelized turbidity currents links migrating cyclic steps to 
flow characteristics: Nature Communications, v. 7, p. 1–13, doi:10.1038/ncomms11896. 
Janocko, M., Nemec, W., Henriksen, S., and Warchol, M., 2013, The diversity of deep-water sinuous channel belts 
and slope valley-fill complexes: Marine and Petroleum Geology, v. 41, p. 7–34, 
doi:10.1016/j.marpetgeo.2012.06.012. 
Jobe, Z.R., Howes, N.C., and Auchter, N.C., 2016, Comparing submarine and fluvial channel kinematics: 
Implications for stratigraphic architecture: Geology, v. 44, p. 931–934, doi:10.1130/G38158.1. 
Jobe, Z.R., Howes, N., Romans, B.W., and Covault, J.A., 2018, Volume and recurrence of submarine-fan-building 
turbidity currents: The Depositional Record, p. 160–176, doi:10.1002/dep2.42. 
Jobe, Z.R., Sylvester, N., Parker, A.O., Howes, N., Slowey, N., and PIRMEZ, C., 2015, Rapid adjustment of 
submarine channel architecture to changes in sediment supply: Journal of Sedimentary Research, v. 95, p. 
729–753. 
Jobe, Z., Sylvester, Z., Pittaluga, M.B., Frascati, A., Pirmez, C., Minisini, D., Howes, N., and Cantelli, A., 2017, 
84 
 
Facies architecture of submarine channel deposits on the western Niger Delta slope: Implications for grain-
size and density stratification in turbidity currents: Journal of Geophysical Research, Earth Surface, v. 122, p. 
473–491, doi:10.1002/2016JF003903. 
Kane, I.A., Dykstra, M.L., Kneller, B.C., Tremblay, S., and McCaffrey, W.D., 2009, Architecture of a coarse-
grained channel-levée system: The Rosario Formation, Baja California, Mexico: Sedimentology, v. 56, p. 
2207–2234, doi:10.1111/j.1365-3091.2009.01077.x. 
Kane, I.A., and Hodgson, D.M., 2011, Sedimentological criteria to differentiate submarine channel levee 
subenvironments: Exhumed examples from the Rosario Fm. (Upper Cretaceous) of Baja California, Mexico, 
and the Fort Brown Fm. (Permian), Karoo Basin, S. Africa: Marine and Petroleum Geology, v. 28, p. 807–
823, doi:10.1016/j.marpetgeo.2010.05.009. 
Kane, I.A., Kneller, B.C., Dykstra, M., Kassem, A., and McCaffrey, W.D., 2007, Anatomy of a submarine channel-
levee: An example from Upper Cretaceous slope sediments, Rosario Formation, Baja California, Mexico: 
Marine and Petroleum Geology, v. 24, p. 540–563, doi:10.1016/j.marpetgeo.2007.01.003. 
Kane, I.A., McCaffrey, W.D., Peakall, J., and Kneller, B.C., 2010, Submarine channel levee shape and sediment 
waves from physical experiments: Sedimentary Geology, v. 223, p. 75–85, doi:10.1016/j.sedgeo.2009.11.001. 
Khan, Z.A., and Arnott, R.W.C., 2011, Stratal attributes and evolution of asymmetric inner- and outer-bend levee 
deposits associated with an ancient deep-water channel-levee complex within the Isaac Formation, southern 
Canada: Marine and Petroleum Geology, v. 28, p. 824–842, doi:10.1016/j.marpetgeo.2010.07.009. 
Kneller, B., 1995, Beyond the turbidite paradigm: physical models for deposition of turbidites and their implications 
for reservoir prediction: Geological Society of London, Special Publications 94, p. 31–49, 
doi:10.1144/GSL.SP.1995.094.01.04. 
Kuenen, P.H., 1966, Matrix of turbidites: experimental approach: Sedimentology, v. 1, p. 267–297. 
De Leeuw, J., Eggenhuisen, J.T., and Cartigny, M.J.B., 2016, Morphodynamics of submarine channel inception 
revealed by new experimental approach: Nature Communications, v. 7, p. 1–7, doi:10.1038/ncomms10886. 
Lopez, M., 2001, Architecture and depositional pattern of the quaternary deep-sea fan of the Amazon: Marine and 
Petroleum Geology, v. 18, p. 479–486, doi:10.1016/S0264-8172(00)00071-4. 
Maier, K.L., Fildani, A., McHargue, T., Paull, C.K., Graham, S.A., and Caress, D.W., 2013, Punctuated Deep-Water 
Channel Migration: High-Resolution Subsurface Data From the Lucia Chica Channel System, Offshore 
California, U.S.A.--Reply: Journal of Sedimentary Research, v. 83, p. 93–95, doi:10.2110/jsr.2013.6. 
Manley, P.L., Pirmez, C., Busch, W., Cramp, A., and Fan, Y., 1997, Grain-size characterization of Amazon Fan 
deposits and comparison to seismic facies units, in Flood, R.D., Piper, D.J.W., Klaus, A., and Peterson, L.C. 
(Eds. . ed., Proceedings of the Ocean Drilling Program, Scientific Results, v. 155, p. 35–52. 
McHargue, T., Pyrcz, M.J., Sullivan, M.D., Clark, J.D., Fildani, A., Romans, B.W., Covault, J.A., Levy, M., 
Posamentier, H.W., and Drinkwater, N.J., 2011, Architecture of turbidite channel systems on the continental 
slope: Patterns and predictions: Marine and Petroleum Geology, v. 28, p. 728–743, 
doi:10.1016/j.marpetgeo.2010.07.008. 
McHargue, T.R., and Webb, J.E., 1982, Internal Geometry, Seismic Facies, and Petroleum Potential of Canyons and 
Inner Fan Channels of the Indus Submarine Fan: American Associaiton of Petroleum Geologists, Bulletin, v. 
70, p. 161–180. 
Middleton, G. V., 1966, Experiments on density and turbidity currents. I. Motion of the head: Canadian Journal of 
Earth Sciences, v. 3, p. 523–546. 
Migeon, S., Savoye, B., and Faugeres, J., 2000, Quaternary development of migrating sediment waves in the Var 
deep-sea fan : distribution , growth pattern , and implication for levee evolution: Sedimentary Geology, v. 133, 
p. 265–293. 




Mohrig, D., Straub, K.M., Buttles, J., and Pirmez, C., 2006, Controls on geometry and composition of a levee built 
by turbidity currents in a straight laboratory channel, in Parker, G. and García, M. eds., River, Coastal and 
Estuarine Morphodynamics: volume 2: CRC Press, London, p. 579–584, doi:10.1201/9781439833896 
Morris, W., and Busby-Spera, C., 1990, A submarine-fan valley-levee complex in the Upper Cretaceous Rosario 
Formation: Implication for turbidite facies models: Geological Society of America, Bulletin, v. 102, p. 900–
914, doi:10.1130/0016-7606(1990)102<0900:ASFVLC>2.3.CO;2. 
Morris, E.A., Hodgson, D.M., Brunt, R.L., and Flint, S.S., 2014, Origin, evolution and anatomy of silt-prone 
submarine external levees: Sedimentology, v. 61, p. 1734–1763, doi:10.1111/sed.12114. 
Morris, E.A., Hodgson, D.M., Flint, S., Brunt, R.L., Luthi, S.M., and Kolenberg, Y., 2016, Integrating outcrop and 
subsurface data to assess the temporal evolution of a submarine channel–levee system: American Associaiton 
of Petroleum Geologists, Bulletin, v. 100, p. 1663–1691, doi:10.1306/04271615056. 
Morris, W.R., Smith, D.P., and Busby-spera, C.J., 1989, Deep Marine conglomerate facies and processes in 
Cretaceous Forearc basins of Baja California, Mexico: Conglomerates in Basin Analysis: A Symposium 
Dedicated to A.O. Woodford, v. 62, p. 123–142. 
Mulder, T., and Alexander, J.A.N., 2001, The physical character of subaqueous sedimentary density flows and their 
deposits: Sedimentology, v. 48, p. 269–299. 
Mutti, E., 1977, Distinctive thin‐bedded turbidite facies and related depositional environments in the Eocene Hecho 
Group (South‐central Pyrenees, Spain): Sedimentology, v. 24, p. 107–131, doi:10.1111/j.1365-
3091.1977.tb00122.x. 
Nakajima, T., and Kneller, B.C., 2013, Quantitative analysis of the geometry of submarine external levées: 
Sedimentology, v. 60, p. 877–910, doi:10.1111/j.1365-3091.2012.01366.x. 
Navarro, L., Khan, Z., and Arnott, R.W.C., 2007, Depositional Architecture and Evolution of a Deep-marine 
Channel-levee Complex: Isaac Formation (Windermere Supergroup), Southern Canadian Cordillera, in Nilsen, 
T.H., Shew, R.D., Steffens, G.S., and Studlick, J.R.J. eds., Atlas of deep-water outcrops: merican Associaiton 
of Petroleum Geologists, Studies in Geology 56, CD-ROM, p. 1-22,  doi:10.1306/12401041St563288. 
Normark, W.R., 1978, Fan Valleys , Channels , and Deposltional Lobes on Modern Submarine Fans : Characters for 
Recognition of Sandy Turbidite Environments: American Associaiton of Petroleum Geologists, Bulletin, v. 
62, p. 912–931. 
Parsons, J.D., and Garcia, M.H., 1998, Similarity of gravity current fronts Similarity of gravity current fronts: 
Physics of Fluids, v. 10, p. 3209–3213, doi:10.1063/1.869848. 
Peakall, J., McCaffrey, B., and Kneller, B., 2000, A Process Model for the Evolution, Morphology, and Architecture 
of Sinuous Submarine Channels: Journal of Sedimentary Research, v. 70, p. 434–448, 
doi:10.1306/2DC4091C-0E47-11D7-8643000102C1865D. 
Pickering, K., Coleman, J., Cremer, M., Droz, L., Kohl, B., Normark, W., O’Connell, S., Stow, D., and Meyer-
Wright, A., 1986, A high sinuosity, laterally migrating submarine fan channel-levee-overbank: results from 
DSDP Leg 96 on the Mississippi Fan, Gulf of Mexico: Marine and Petroleum Geology, v. 3, p. 3–18, 
doi:10.1016/0264-8172(86)90052-8. 
Piper, D.J.W., and Normark, W.R., 1983, Turbidite depositional patterns and flow characteristics, Navy Submarine 
Fan, California Borderland: Deep-Water Turbidite Systems, Sedimentology, v. 30, p. 348–362, 
doi:10.1002/9781444304473.ch33. 
Pirmez, C., Hiscott, R.N., and Kronen, J.D., 1997, Sandy turbidite successions at the base of channel-levee systems 
of the Amazon Fan revealed by FMS logs and cores: Unraveling the facies architecture of large submarine 
fans, in Flood, R.D., Piper, D.J.W., Klaus, A., and Peterson, L.C. eds., Proceedings of the Ocean Drilling 
Program, Scientific Results, v. 155, p. 7–33, doi:10.2973/odp.proc.sr.155.201.1997. 
86 
 
Pittaluga, M.B., and Imran, J., 2014, Earth Surface A simple model for vertical profiles of velocity and suspended 
sediment concentration in straight and curved: Journal of Geophysical Research, p. 483–503, 
doi:10.1002/2013JF002812. 
Posamentier, H.W., and Kolla, V., 2003, Seismic Geomorphology and Stratigraphy of Depositional Elements in 
Deep-Water Settings: Journal of Sedimentary Research, v. 73, p. 367–388, doi:10.1306/111302730367. 
Postma, G., Kleverlaan, K., and Cartigny, M.J.B., 2014, Recognition of cyclic steps in sandy and gravelly turbidite 
sequences, and consequences for the Bouma facies model: Sedimentology, v. 61, p. 2268–2290, 
doi:10.1111/sed.12135. 
Rouse, H., 1939, Experiments on the Mechanics of Sediment Suspension: International congress for Applied 
Mechanics, v. LXV, p. 550–554. 
Schwenk, T., Spieß, V., Breitzke, M., and Hübscher, C., 2005, The architecture and evolution of the Middle Bengal 
Fan in vicinity of the active channel-levee system imaged by high-resolution seismic data: Marine and 
Petroleum Geology, v. 22, p. 637–656, doi:10.1016/j.marpetgeo.2005.01.007. 
Shepard, F.P., 1965, Types of submarine valleys: American Associaiton of Petroleum Geologists, Bulletin, v. 49, p. 
304–310. 
Simmons, S.M., Azpiroz‐Zabala, M., Cartigny, M.J.B., Clare, M.A., Cooper, C., Parsons, D.R., Pope, E.L., Sumner, 
E.J., and Talling, P.J., 2020, Novel Acoustic Method Provides First Detailed Measurements of Sediment 
Concentration Structure Within Submarine Turbidity Currents Journal of Geophysical Research : Journal of 
Geophysical Research: Oceans, v. 125, p. 1–24, doi:10.1029/2019JC015904. 
Skene, K.I., Piper, D.J.W., and Hill, P.S., 2002, Quantitative analysis of variations in depositional sequence 
thickness from submarine channel levees: Sedimentology, v. 49, p. 1411–1430, doi:10.1046/j.1365-
3091.2002.00506.x. 
Stagnaro, M., and Pittaluga, M.B., 2014, Velocity and concentration profiles of saline and turbidity currents flowing 
in a straight channel under quasi-uniform conditions: Earth Surface Dynamics, v. 2, p. 167–180, 
doi:10.5194/esurf-2-167-2014. 
Stelting, C.E., Droz, L., Bouma, A.H., Coleman, J.M., Cremer, M., Meyer, A.W., Normark, W.R., Connell, S.O., 
and Stow, D.A. V, 1986, 19. Late Pleistocene seismic stratigraphy of the Mississippi Fan, in Turner, K.L. ed., 
Initial Reports of the Deep Sea Drilling Project, v. 96, p. 40–55, doi:10.2973/dsdp.proc.96.119.1986. 
Stelting, C.E., and DSDP Leg 96 Shipboard Scientists, 1985, Migratory Characteristics of a Mid-Fan Meander Belt, 
Mississippi Fan, in Bouma, A.H., Normark, W.R., and Springer, N.E. eds., Submarine Fans and Related 
Turbidite Systems. Frontiers in Sedimentary Geology, New York, NY, Springer, p. 283–290, 
doi:10.1007/978-1-4612-5114-9_41. 
Straub, K.M., and Mohrig, D., 2008, Quantifying the morphology and growth of levees in aggrading submarine 
channels: Journal of Geophysical Research: Earth Surface, v. 113, p. 1–20, doi:10.1029/2007JF000896. 
Straub, K.M., Mohrig, D., McElroy, B., Buttles, J., and Pirmez, C., 2008, Interactions between turbidity currents and 
topography in aggrading sinuous submarine channels: A laboratory study: Geological Society of America, 
Buttetin, v. 120, p. 368–385, doi:10.1130/B25983.1. 
Sylvester, N., 2007, Turbidite bed thickness distributions : methods and pitfalls of analysis and modelling: 
Sedimentology, v. 54, p. 847–870, doi:10.1111/j.1365-3091.2007.00863.x. 
Talling, P.J., Amy, L.A., and Wynn, R.B., 2007, New insight into the evolution of large-volume turbidity currents: 
Comparison of turbidite shape and previous modelling results: Sedimentology, v. 54, p. 737–769, 
doi:10.1111/j.1365-3091.2007.00858.x. 
Talling, P.J., Paull, C.K., and Piper, D.J.W., 2013, How are subaqueous sediment density flows triggered, what is 
their internal structure and how does it evolve? Direct observations from monitoring of active flows: Earth-
Science Reviews, v. 125, p. 244–287, doi:10.1016/j.earscirev.2013.07.005. 
87 
 
Vendettuoli, D. et al., 2019, Daily bathymetric surveys document how stratigraphy is built and its extreme 
incompleteness in submarine channels: Earth and Planetary Science Letters, v. 515, p. 231–247, 
doi:10.1016/j.epsl.2019.03.033. 
Vendettuoli, D. et al., 2020, Global monitoring data shows grain size controls turbidity current structure: Earth and 
Space Science Open Archive, p. 22, doi:10.1002/essoar.10503647.1. 
Wynn, R.B., and Stow, D.A. V, 2002, Classification and characterisation of deep-water sediment waves: Marine 
Geology, v. 192, p. 7–22, doi:10.1016/S0025-3227(02)00547-9. 
Xu, J.P., 2010, Normalized velocity profiles of field-measured turbidity currents: Geology, v. 38, p. 563–566, 
doi:10.1130/G30582.1. 
Xu, J.P., Noble, M.A., and Rosenfeld, L.K., 2004, In-situ measurements of velocity structure within turbidity 
currents: Geophysical Research Letters, v. 31, L09311, doi:10.1029/2004GL019718. 
Zinke, P., Olsen, N.R.B., and Bogen, J., 2011, Geomorphology Three-dimensional numerical modelling of levee 







MORPHOMETRIC SCALING RELATIONSHIPS IN SUBMARINE CHANNEL–LOBE SYSTEMS 
 
Modified from a paper published in Geology 
 
Luke Pettinga1,2, Zane Jobe1, Lauren Shumaker1, and Nick Howes3 
 
4.1 Abstract 
Morphometric analysis of submarine fan systems, the largest sedimentary deposits on Earth, demonstrates 
scaling relationships between genetically related channels and lobe-shaped bodies (LBs) deposited beyond the channel 
terminus, providing insight into the architectural development of these systems. Compiling dimensional data from 
depositional systems that cover a range of sediment supply characteristics, tectonic settings, and geographic locations 
enables investigation into global trends in depositional morphology. LBs have a consistent, scale-independent length-
to-width ratio of ∼2:1. The thickness-to-area ratios for LBs show multiple morphologic trends, likely driven by 
topographic confinement, with LBs getting proportionally thicker in relation to increasing confinement. Morphometric 
analysis of genetically related channel dimensions (width, relief, cross-section area) and LB dimensions (length, width, 
thickness, area, volume) reveals robust scaling relationships; most notably, channel width and cross-sectional area can 
be used to predict the volume and depositional area of related LBs. These relationships demonstrate that LBs 
proportionally scale to their concomitant channels, and thus to the volume of sediment supplied prior to an avulsion. 
While the dimensions of submarine fans scale to associated terrestrial catchments, the building blocks of submarine 
fans (i.e., channels and LBs) do not, suggesting a down-system decoupling (or lack of scaling) at LB deposition time 
scales. Applying these morphometric trends and scaling relationships as input parameters for source-to-sink and 
reservoir models can improve predictions of stratigraphic architecture, sediment partitioning, and sediment/carbon 
flux in modern and ancient submarine fan systems. 
 
4.2 Introduction 
Scaling relationships of sediment-routing systems provide insights into the intrinsic properties and processes 
of those systems by identifying linkages between morphometric and other quantitative characteristics (e.g., hydraulic 
properties and sediment flux). For example, scaling relationships have been identified between segments within 
source-to-sink systems (e.g., Sømme et al., 2009), as well as in finer-scale studies within specific depositional 
environments (rivers, estuaries, deltas; e.g., Leopold and Langbein, 1962). However, relatively few studies have 
focused on scaling relationships in submarine fans, which are net-depositional environments within 
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1Department of Geology and Geological Engineering, Colorado School of Mines, Golden, Colorado 80401, USA. 
2Primary researcher and author. 
3Mathworks, 1 Apple Hill Drive, Natick, Massachusetts 01760, USA. 
89 
 
continental-margin sediment-routing systems that are diverse in size and morphology (see Appendix). These 
composite depositional features consist of channels and multiple scales of lobe-shaped bodies (LBs), formed by 
channelized and unconfined sediment gravity flows, respectively (Piper and Normark, 1983). While previous studies 
have focused on the scaling relationships of submarine channels (e.g., Covault et al., 2012; Reimchen et al., 2016) or 
LBs (e.g., Jegou et al., 2008; Prélat et al., 2009, 2010), scaling between submarine channels and LBs remains 
unexplored. In this study of Eocene to modern fan systems, we (1) document the morphometrics of, and scaling 
relationships between, submarine channels and concomitant (i.e., genetically related) LBs from element to complex 
scale (i.e., larger than bed scale); (2) evaluate the utility of these relationships for predicting depositional body 
dimensions in data-poor areas; and (3) investigate potential relationships between terrestrial portions of sediment-
routing systems and channel-LB morphology. 
 
4.3 Data and Methods 
We compiled dimensional data for LBs (n = 271) and, when possible, concomitant channels (n = 52, 160 
LBs have paired channel data) from 35 submarine-fan systems (Fig. 4.1A). The data set of channel and LB 
measurements made from sonar and seismic-reflection surveys (Fig. 4.1B) includes submarine-fan systems that cover 
a range of geographic locations, tectonic settings, source-to-sink configurations, and sediment-supply characteristics 
(e.g., catchment size; see the Data Table for Chapter 4 in the Appendix), which enables investigation into how system 
characteristics influence depositional morphology and scaling. Dimensional data from basin floor, slope, and ponded 
fan settings are included, but we excluded LBs showing evidence of significant sediment bypass (i.e., thoroughgoing 
channels). Confinement (sensu Prélat et al., 2010) at the system scale is documented as ‘confined’ when basin 
topography limits the runout of the LBs, or ‘unconfined’ when LB runout is not significantly impacted by topographic 
variability or basin margins. We acknowledge that the morphology of individual channel-LB systems changes as they 
grow (Deptuck et al., 2008); this variability is endemic to our data set, which provides the most comprehensive 
collection of channel-LB dimensions published to date. 
We documented LB dimensions based on facies boundaries and stratal onlap/downlaps (Fig. 4.1B): the down-
flow length (LLB) from the proximal end of the channel-LB transition (a diffuse zone at the channel mouth dominated 
by erosion and sediment bypass; Wynn et al., 2002) to the distal edge of the LB; the maximum width (WLB) of the LB 
measured perpendicular to LLB; the maximum depositional thickness (HLB) of the deposit; the total depositional area 
(ALB) downstream of the channel-LB transition; and LB volume (VLB). Delineating LB boundaries is at times difficult 
and interpretive due to data quality and gradational facies transitions at the channel-LB transition and LB margins. To 
mitigate this issue, we focused on high-quality seafloor and near-surface data (typically <100 m subsurface). When 
direct measurements of ALB and VLB could not be made, we assumed that LBs have an ellipsoid shape to estimate ALB 





Figure 4.1 A) Geographic distribution of the 35 submarine fans included in this study. B) Example of measurements 
made from sonar and seismic data: channel width (WCH) and relief (HCH), and lobe body width (WLB), length (LLB), 
area (ALB), and thickness (HLB); modified from Jegou et al. (2008). C) Schematic diagram of hierarchy and 
compensational stacking of lobe bodies (modified from Deptuck et al., 2008). 
 
These equations do not account for the range of LB morphologies, which causes a mean absolute percent 
error of calculated versus measured ALB and VLB of ∼25%. Compensational stacking occurs at multiple scales within 
LBs, and various hierarchical schemes are used in the literature to describe the resultant deposits (e.g., Deptuck et al., 
2008; Prélat et al., 2009; Straub and Pyles, 2012). For consistency, we applied standardized hierarchical terminology 
to all LBs by qualitatively matching their original documentation to the hierarchy defined by Prélat et al. (2009). This 
hierarchy consists of four levels (Fig. 4.1C) in increasing size and complexity: ‘beds’ (H1) deposited by an individual 
event/turbidity current; ‘lobe elements’ (H2) composed of stacked beds/bed sets; ‘lobes’ (H3) formed by one or more 
stacked lobe elements fed by a single channel; and ‘lobe complexes’ (H4) that develop when avulsions or channel 
migrations result in development of multiple lobes (Prélat et al., 2009). Individual beds (H1) are not included in our 
analysis due to limited data availability. 
We documented channel (not channel belt or complex) dimensions because they represent the conduit 
through which sediment gravity flows passed prior to forming LBs and thus sediment discharge. Channel 
measurements included bankfull channel width (WCH), defined here as the distance between levee crests (sensuPirmez 
and Imran, 2003); channel relief (HCH), the vertical distance between the channel thalweg and the average height of 
the levee crests; and channel cross-sectional area (ACH), the area between the channel bed and the bankfull surface. 
Because ACH often decreases downslope (Pirmez and Imran, 2003), channel measurements were made upstream of 
the transition from channel-to-LB within a streamwise distance of 1–2 LLB of the associated LB (Fig. 4.1B). We 





4.4.1 Morphometrics of Submarine Channels 
Submarine channel aspect ratios (WCH/HCH) in this study (median = 44) are consistent with those documented 
by Konsoer et al. (2013; Fig. 4.2A; Data Table for Chapter 4 in the Appendix). Channel dimensions from this study 
are generally small compared to those of Konsoer et al., likely because submarine channels typically decrease in size 
downstream and, unlike Konsoer et al., we exclusively measured distal channel reaches (Fig. 4.2A). 
 
4.4.2 Morphometrics of Lobe Bodies 
A robust power-law relationship exists for the planform morphology (LLB and WLB) for all LBs (LLB = 1.74 
WLB1.02, r2 = 0.86, n = 271) and similar trends exist within each hierarchical level (r2 values >0.72; Fig. 4.2B; Data 
Table for Chapter 4 in the Appendix). The planform aspect ratios (LLB/ WLB) of LBs demonstrate a relatively narrow 
range of planform geometries (circular versus elongate), with a median of 2:1 (Fig. 4.2B; P10 = 1.2, P50 = 2.0, P90 = 
4.4). Planform dimensions generally increase from H2 to H4 within individual systems, but considerable overlap 
between hierarchical levels indicates that their dimensions are not globally consistent (Fig. 4.2B), likely due to 
differences in the formative properties (e.g., flow volumes and grain size). There is more than an order-of-magnitude 
difference between the average volumes of each hierarchical level of LB (H2 = 0.07 km3, H3 = 2.9 km3, H4 = 62.0 
km3), similar to the findings of Prélat et al. (2010). However, significant overlap between the dimensions of 
hierarchical levels indicates that hierarchy cannot be inferred solely from LB dimensions (cf. Prélat et al., 2009). 
In contrast to their planform morphology, the three-dimensional (3-D) morphologies of LBs do not show 
simple scaling. Figure 4.2C documents the significant variability in the thickness-to-area ratio (HLB/ALB), revealing 
two trends. Trend 1 illustrates the distribution of confined LBs, which are proportionally thicker than unconfined LBs 
illustrated in Trend 2. These trends agree with observations of ‘lobe’ (H3) morphologies made by Prélat et al. (2010), 
but our data incorporate more hierarchical levels and a wider variety and number of systems. The two trends are 
distinct at lower ALB values, but converge as ALB increases; accordingly, the trends are identified in H2 and H3, but 
are indistinguishable for H4. Trend 1 shows a shift to lower HLB/ALB (m/km2) ratios with increasing area and hierarchy 
level (from ∼10:1 to <1:1), while Trend 2 typically remains between 1:10 and 1:100 (Fig. 4.2C).  
 
4.4.3 Scaling Relationships between Channels and Lobe Bodies 
Our morphometric analysis demonstrates several strong scaling relationships between concomitant channels 
and LBs. Statistical analysis of channel (WCH, HCH, ACH) and LB (ALB, HLB, VLB) dimensions for hierarchical levels 
H2–H4 shows that WCH has a strong, positive power-law scaling with both ALB and VLB (r2 ≈ 0.7; Fig. 4.3). ACH also 
shows a positive, albeit weaker, power-law scaling with both ALB and VLB (r2 ≈ 0.6; Fig. 4.3). HCH does not correlate 
with any LB dimensions (r2 < 0.27), and no channel dimension correlates with HLB (r2 < 0.26; Fig. 4.3). Additionally, 
our investigation of possible relationships between channel-LB dimensions and sediment-routing–system parameters 
(fluvial catchment area, water discharge, and suspended sediment load) found no significant correlations (r2 < 0.35; 




Figure 4.2 A) Plot of channel width versus channel relief showing consistent ranges of aspect ratios between channels 
in this study and those of Konsoer et al. (2013). B) Lobe body length versus width shows a strong correlation, with 
median a length-to-width ratio of ∼2:1. C: Lobe body thickness versus area shows two apparent trends in the three-
dimensional morphology of lobe bodies (after Prélat et al., 2010). The trends correspond with the distributions of 
confined and unconfined lobe bodies, illustrated by kernel density estimate (KDE) contours. Aspect ratios are shown 














Figure 4.3 Scaling relationships between some dimensions (A,B,D, and E; black outlines: r2 > 0.5), but not other 
dimensions (C and F–I; gray outlines: r2 < 0.3), of concomitant channels and lobe bodies. Solid diagonal lines are 
power-law correlations (P50), and dashed lines show the 80% prediction interval (P10, P90). Channel width and area 
strongly correlate with both lobe body area and volume, but neither lobe body thickness nor channel relief correlate 










Figure 4.4 Plots illustrating the absence of correlations between dimensions of the architectural elements of submarine 
fans (width of distal channel reaches and lobe body volume for hierarchies H2–H4) with parameters of associated 
terrestrial catchments (Milliman and Farnsworth, 2013): water discharge, fluvial catchment area, and total suspended 
solids (TSS). The lack of correlation (r2 < 0.2) between these and all other dimensions of channels and lobe bodies in 
this study (Data Table for Chapter 4 in the Appendix) indicates decoupling between the terrestrial and deep-water 
segments of sediment-routing systems, and/or that autogenic processes may be the primary control on the morphology 





4.5.1 Controls on Morphology and Volume of Lobe Bodies 
Planform aspect ratios of LBs display a high degree of consistency across all hierarchical levels (Fig. 4.2B). 
Having a strong LLB-WLB relationship in spite of the wide range of system characteristics represented by the data set 
highlights a potentially universal trend in LB planform geometry, and indicates that turbidity flow properties (rather 
than external factors) impart primary control on LB planform geometries. This is supported by flume experiments, 
which show that flow properties (density, volume, sediment type) primarily impact deposit geometry (Baas et al., 
2004), while factors that modify the flow processes (e.g., topographic confinement) seem to be secondary (Al Ja’Aidi 
et al., 2004). The dimensions of LBs change throughout the time span of their deposition, which is dictated by 
avulsions (Deptuck et al., 2008); accordingly, our measurements of modern, active LBs will underrepresent their final 
deposit dimensions. 
The presence of multiple trends between HLB and ALB (Fig. 4.2C) indicates that the relative thickness of LBs 
is more sensitive to external factors. If the impacts of external factors (e.g., confinement) on LB geometry are known, 
it is possible to predict HLB - ALB relationships using the trends in Figure 4.2C. While flow properties such as sediment 
grain size and concentration impact sediment dispersal, and thus LB thickness (Baas et al., 2004), our data demonstrate 
that topographic confinement strongly influences the 3-D morphology of LBs (Fig. 4.2C; also see Covault and Romans 
2009; Prélat et al., 2010). When unconfined, flows spread out to produce thin LBs with relatively large depositional 
areas, but when confined, the depositional areas of flows are limited, resulting in LBs with greater relative thickness 
(Al Ja’Aidi et al., 2004). 
Additionally, the two trends in Figure 4.2C have different implications for the dependence of compensational 
stacking on VLB and/or the hierarchical level of LBs. Straub and Pyles (2012) suggest that compensational stacking 
should cause reduced HLB/ALB ratios with increased hierarchical level. Confined systems (Trend 1) in Figure 4.2C 
align with Straub and Pyles’s (2012) prediction; however, unconfined systems (Trend 2) have a relatively consistent 
HLB/ALB ratio regardless of LB volume or hierarchical level. If confinement is indeed driving the trends in Figure 
4.2C, the impact of compensational stacking on deposit morphology is variable across LB hierarchies in confined 
systems, but consistent in unconfined systems. 
 
4.5.2 Controls on Channel-Lobe Body Scaling 
WCH and ACH have strong scaling relationships with ALB and VLB (Fig. 4.3). The lack of correlations between 
the vertical measurements (HCH, HLB) and other parameters of channel-LB systems may stem from basin confinement 
(as discussed above) as well as the lower relative accuracy of vertical (thickness, relief) measurements (Fig. 4.3). The 
data in this study support a simple association between turbidite flow properties, channel morphology, and lobe 
dimensions. Because the hydraulic geometries of submarine channels are proportional to their formative sediment-
gravity-flow events (Konsoer et al., 2013) and VLB is proportional to the dimensions of the associated channel (Fig. 
4.3), accordingly, VLB is proportional to the properties of the LB-forming sediment gravity flows (e.g., volume and 
number of flows). 
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Submarine-fan dimensions scale with associated catchment parameters (Sømme et al., 2009), but this study 
indicates that the dimensions of channels and LBs that comprise fans do not (Fig. 4.4). We did not find any significant 
correlations between terrestrial catchment parameters (area, water discharge, and suspended sediment load) and 
submarine channel or LB dimensions (Fig. 4.4). While these relationships exist when comparing catchments to overall 
fan dimensions (Sømme et al., 2009), our data suggest that, at smaller spatiotemporal scales (i.e., LB deposition over 
102–104 yr; Deptuck et al., 2008; Jegou et al., 2008), the terrestrial and submarine portions of these systems are 
decoupled due to autogenic processes (e.g., avulsion) and incomplete transfer of sediment (Romans et al., 2016). 
 
4.5.3 Predicting Channel and Lobe Body Dimensions 
Scaling relationships between submarine channels and LBs (Figs. 4.3A, 4.3B, 4.3D, and 4.3E) provide a tool 
for predicting the dimensions of these sedimentary features, if the scale of one parameter is known (e.g., from 
subsurface seismic data). Figure 4.5 contains predicted ranges of ALB and VLB for channels with widths of 0.5 km and 
1.0 km, using Figures 4.3A and 4.3B. Data limitations do not allow direct prediction of hierarchical levels of LB 
dimensions; however, because LB dimensions generally increase with hierarchy, H2 through H4 LBs should 
successively fall between P10 to P90 for a given channel dimension in Figure 4.3. This information is valuable because 
hierarchical level influences the architectural complexity of LBs (Pyrcz et al., 2005). Channel-LB scaling provides 
insight into the sedimentation dynamics that generate the depositional architecture of submarine fans; however, when 
applying these relationships to ancient systems, differences between active channel conduits and channel-fill deposits 
must be addressed. The lack of correlations involving HCH or HLB in Figure 4.3 may stem from their natural variability 
due to knickpoint migration in channels and antecedent topography for LBs, or the relatively low precision of vertical 
versus lateral measurements. 
 
 
Figure 4.5. Predicted dimensions of lobe body volume (VLB) and area (ALB) for channel widths (WCH) of 0.5 and 1 km 
based on formulas in Figures 4.3A and 4.3B. The visual representation of the predicted range of ALB for 0.5- and 1-





This study documents morphometric trends for lobe bodies in submarine fans, scaling relationships between 
concomitant submarine channels and LBs, and decoupling of sedimentary processes and fluxes between key 
parameters of submarine channel-LB deposits and associated terrestrial drainages. LBs have consistent planform 
length-width relationships (LLB = 1.74 WLB1.02; r2 = 0.86, n = 271) and a restricted range of planform aspect ratios 
(length/width): P10 = 1.2, P50 = 2.0, P90 = 4.4. There are two trends in the 3-D morphology of LBs: (1) LBs that form 
in topographically confined settings tend to have higher maximum thickness/area ratios that decrease with increased 
scale, and (2) LBs that form in topographically unconfined settings tend to have lower and hierarchy-independent 
maximum thickness/area ratios. While distinct for lower hierarchical levels, these trends converge and become 
indistinguishable at higher hierarchical levels. We interpret that topographic confinement is the primary driver of the 
thickness/area trends of LBs, but additional factors (e.g., grain size) may also influence these trends. 
Submarine channel width and cross-sectional area show power-law scaling with both the depositional area 
and volume of concomitant LBs. The relationship between channel width and LB volume (VLB = 10–10.78· WCH 3.95; 
r2 = 0.77) indicates that (1) channel dimensions scale to the total volume of sediment that passes through the channel 
before an avulsion or shift in the location of deposition causes a new LB to be established, and (2) LBs scale to the 
volumes of turbidite flows passing through channels. Applications of these dimensional ranges and scaling 
relationships include providing realistic input parameters for source-to-sink modeling of sediment budgets, and 
reservoir models for natural-resource characterization. The lack of correlations between terrestrial catchment-scale 
parameters and channel-LB dimensions suggests decoupling of sediment fluxes/processes between the terrestrial and 
deep-water portions of sediment routing systems. 
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5.1 General Discussion 
When properly interpreted, the sedimentary record of marine environments can provide great insight into the 
history of earth (Carson, 1951). However, this requires an integrated understanding of how the sedimentary recorded 
was formed, including the nature and origin of the individual particles of detritus which are the building blocks of the 
stratigraphic record, the various sedimentary processes that are the means by which particles are distributed and 
arranged, and the links between these particles, processes, and the evolving geomorphologies of sedimentary 
environments. Toward this end, the constituent studies of this thesis make contributions toward a more comprehensive 
understating of how turbidity currents sculpt continental margins, submarine canyon-channel systems, and associated 
levee and lobe deposits. This work was designed to cover a varieties of scales of stratigraphic and sedimentary 
investigation ranging from fine-scale investigation into the distribution of individual grains in submarine levee 
deposits as they grow to large-scale investigations of continental margin and submarine canyon-channel morphologies. 
The key results and conclusion from the studies within thesis include: (Chapter 2) The autogenic impacts of 
turbidity currents on canyon-channel systems on both active and passive margins can produce longitudinal profiles 
with low length-depth ratios which are likely near or at equilibrium with external forcing (i.e., graded) even when the 
canyon-channel profile is in stark contrast to that of surrounding, high-gradient continental margin. (Chapter 3) 
Demonstrates that numerical modeling is an effective tool for predicting sedimentary properties of submarine levees 
based on known turbidity current properties and channel kinematics, and has applications in the interpretation of 
depositional history of channel-levee systems. (Chapter 4) The dimensions of submarine channels and associated lobe-
shaped deposits that accumulate beyond the channel termination scale to one another; however, scaling relationships 
do not appear to exist between the terrestrial drainages that source the sediment accumulated in the lobe-shaped 
deposits and the dimensions of the deposits themselves. This work highlights both the utility and limits of the 
application of scaling relationships in sediment routing systems.  
In aggregate, these investigations into turbidity currents and the sedimentary deposits they create contribute 
to our ability to interpret the sedimentary record, explore for and extract natural resources, and predict the occurrence, 
magnitude, and impacts of turbidity currents in the future. 
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SUPPLEMENTAL ELECTRONIC FILES 
 
The files included in the Appendix contain information and data that were used in the process of completing 
the research documented in this thesis. The files are organized into four sections: Levee Model Files, which contain 
all the MATLAB® code needed to reproduce the model realizations in Chapter 3; LPSA Samples and Data, contains 
the new grain-size data used in Chapter 3; Measured Sections, which contains the field copies of the new logged 
stratigraphic sections used in Chapter 3; and Data Table for Chapter 4, which is an Excel file containing all the data 
used in Chapter 4; Coauthor Permission and Republication Licenses; which includes PDFs of permission coauthor 
permission for Chapter 4 and republication licenses for Chapter 4 and Figure 3.7. 
 
Levee Model Files The following m-files (or script files) are simple 
text files containing the MATLAB® R2018a 
commands used in chapter 3. 
Chapter_3_BasicModelRun_Reference.m Basic Model Run used as the reference (or base 
case) for comparison with other model runs 
Chapter_3_BasicModelRun_CoarseGrained.m Basic Model Run with coarser grain sizes than the 
reference model 
Chapter_3_BasicModelRun_FineGrained.m Basic Model Run with finer grain sizes than the 
reference model 
Chapter_3_BasicModelRun_Topo.m Basic Model Run with antecedent topography 
Chapter_3_BasicModelRun_Incising.m Basic Model Run with an incising channel 
Chapter_3_BasicModelRun_Aggrading.m Basic Model Run with an aggrading channel 
Chapter_3_BasicModelRun_Variable.m Basic Model Run with variable flow parameters 
Chapter_3_Petit-Rhone.m Petit-Rhone levee model settings 
Chapter_3_Mississippi.m Mississippi levee model settings 
Chapter_3_Amazon.m Amazon levee model settings 
Chapter_3_JuniperRidge.m Juniper Ridge Conglomerate levee model settings 
Chapter_3_Isaac_Channel3.m Isaac Channel 3 levee model settings 
Chapter_3_Niger_YChannel.m Niger Y channel levee model settings 
Chapter_3_Rosario_External.m Rosario Fm. External levee model settings 
Chapter_3_Rosario_Internal.m Rosario Fm. Internal levee model settings 
LPSA Samples and Data Data tables from laser particle size analysis (LPSA) 
using a Malvern Mastersizer 2000 of sediment 
samples from submarine levee deposits. The 
analyses were conducted at the Environmental 
Analytical Lab at Montana State University. 
LPSA_SampleList.xlsx Table of LPSA sedimentary sample names and 
location information. 
LP_COSOM_96_617_final_190422.xlsx LPSA data of samples from Deep Sea Drilling 
Project Leg 96, Site 619 Mississippi submarine 
levee core, Gulf of Mexico. 
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LP_COSOM_SFE_final_190328.xlsx LPSA data of samples from the Rosario Fm. 
external levees (SFE), Canyon San Fernando, 
Mexico. 
LP_COSOM_SFI_final_190328.xlsx LPSA data for Rosario Fm. internal levees (SFI1, 
SFI2) samples from Canyon San Fernando, Mexico. 
Measured Sections  Scans of logged stratigraphic sections in PDF 
format. 
Section_SFE.pdf Measured stratigraphic section of the Rosario Fm. 
external levee section (SFE) at Canyon San 
Fernando, Mexico (29° 47.1740’ N, 115° 37.3471'), 
which is the combination of sections SFE 3.1 and 
SFE 3.2. 
Section_SFI1.pdf Measured stratigraphic section of the Rosario Fm. 
internal levee (SFI1) at Canyon San Fernando, 
Mexico (29° 46.0475' N, 115° 37.6329' W) 
Section_SFI2.pdf Measured stratigraphic section of the Rosario Fm. 
internal levee (SFI2) at Canyon San Fernando, 
Mexico (29° 45.9965' N,115° 37.6772' W) 
Section_DSDP617 Core log from Deep Sea Drilling Project Leg 96, 
Site 619 of the Mississippi submarine levee, Gulf of 
Mexico (26° 41.93' N, 88° 31.67' W). Used with 
permission from Stephen M. Hubbard. 
Data Table for Chapter 4  
Chapter_4_DataTable.xls Compiled quantitative data from submarine fan, 
channel, lobe-shaped deposits, and associated 
terrestrial catchment areas used in Chapter 4. 
Coauthor Permission and Republication Licenses  
Coauthor_Permission_Chapter_4.pdf Coauthor permission from Nick Howes and Lauren 
Shumaker for Chapter 4 
Republication_License_Dennielou_et_al_2006.pdf Republication License for Figure 3.7A 
Republication_License_Lopez_2001.pdf Republication License for Figure 3.7C 
Republication_License_Hickson_Lowe_2002.pdf Republication License for Figure 3.7D 
Republication_License_Khan_Arnott 2011.pdf Republication License for Figure 3.7E 
Republication_License_Jobe_et_al_2015.pdf Republication License for Figure 3.7F 
Republication_License_Pettinga_et_al_2018.pdf Republication License for Chapter 4 
 
 
